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PREFACE

In 1990 the Shoshone-Bannock Tribes (SBT) petitioned the
Nati onal Marine Fisheries Service (NWS) to |ist Snake River
Sockeye salnon as endangered. As a result, Snake River
Sockeye were listed and the Bonneville Power Admnistration
(BPA) began funding efforts to enhance sockeye stocks.
Recovery efforts include devel opnent of a brood stock program
genetics work, describing fish comunity dynamics in rearing
| akes, and conpleting |imology studies. The SBT, in
cooperation with Idaho Departnent of Fish and Gane (IDFGQ, are
directing fish community and |immology studies. IDFG is
managi ng the brood stock program The University of |daho and
NMFS are conpleting genetics work.

Part | of this docunment is the SBT 1993 annual report
that describes findings related to fish comunity research.
Part Il is a docunment conpleted by Uah State University
(USU). The SBT subcontracted USU to conplete a |imology
investigation on the Sawooth Valley Lakes. Managenment
suggestions in Part Il are those of USU and are not endorsed

by the SBT and may not reflect the opinions of SBT biol ogists.
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EXECUTI VE SUMMARY

In 1993 we conpleted research directed at characteri zing
the 0. nerka populations and their interactions wth other
fish species in five Sawtooth Valley Lakes. Hi storically,
Redfish, Al turas, Pettit, Stanley, and Yellow Belly Lakes
provi ded Snake River sockeye (Oncorhynchus nerka) spawning and
rearing habitat (Evermann 1896; Bjornn 1968). Al of these
| akes, with exception to Yellow Belly, still support 0. nerka
popul at i ons. In chapter 1 of this report we describe 0. nerka
spawni ng |l ocations and densities, tributary fry recruitnent,
and results from a habitat survey conpleted in Redfish Lake.
In chapter 2 we review foraging habits of fish that may
conpete with, or prey on 0. nerka popul ations.

Kokanee fry energence from Fishhook Creek in 1993 was
160, 000. Fry energence increased nearly five fold over that
reported in 1992. Interestingly, spawning densities in 1991
and 1992 were  sonewhat simlar (7,200 and 9, 600
respectively). D scharge from Fishhook Creek was markedly
higher in 1992 and nay have caused the better egg to fry
survival. 0. nerka spawni ng on sockeye beach appeared limted
(< 100 fish). Additionally, sockeye beach was the only area
that wild or residual sockeye were located. O 24 adult
sockeye released into Redfish Lake, from the brood stock
program two were found spawning in the south end of the |ake.

Results from the habitat survey indicated that substrate

Vv



conposition on sockeye beach is poor.

0. nerka diet patterns shifted from chironomd prey in
June to zoopl ankton prey in Septenber. Rainbow trout consuned
a broad range of prey, with few instances of significant diet
overlap with 0. nerka. Northern squawfish, bull char, and
| ake trout preyed on 0. nerka. Utilization of 0. nerka by

predators was greatest in Septenber.

\



PART ONE:

FISH COWUN TY AND HABI TAT RESEARCH FOR SNAKE
RI VER SOCKEYE SALMON I N THE
SAWOOTH VALLEY LAKES



I NTRODUCTI ON

Historically, thousands of Snake River Sockeye sal non
returned to the Sawtooth Valley to spawn. Evermann (1896)
-reported that the Sawmooth Valley Lakes were teeming with red
fish. Bjornn (1968) estimated that 4,360 sockeye returned to
Redfish Lake in 1955. These nunbers no |onger exist. In the
1980’s, less than 50 Snake River sockeye salnon survived to
spawn (Bowl er 1990). Since 1990, only 13 sockeye have
r et ur ned. Because of recent declines, the Shoshone-Bannock
Tribes (SBT) petitioned the National Marine Fisheries Service
(NWFS) to list Snake River sockeye as endangered. As a
result, Snake River sockeye were listed and the Bonneville
Power Admi nistration (BPA) began funding recovery efforts

Initial recovery efforts began in 1991 and focused on
issues specific to the Sawtooth Valley Lakes, in central
| daho. These |akes (Redfish, Alturas, Pettit, Stanley, and
Yell ow Belly) provided critical spawning and nursery habitat
for Snake River Sockeye sal non. Speci es introductions, |ow
productivity, changes in spawning conditions, and abundant
kokanee popul ations may have changed the ability of these
systems to produce sockeye snolts. Specific research
obj ectives of the SBT for 1993 were to (1) continue nonitoring
resident 0. nerka population characteristics (i.e., nonitor
spawni ng densities and | ocations, conplete a spawni ng habitat

survey, and estimate fry recruitment), (2) describe the



foraging habits of fish species that may conpete or prey on O.
nerka, and (3) conplete limology studies in nursery lakes.
hjective (3) was conpleted by Uah State University, under a
subcontract agreenent, and is reported in Part Il of this
docunent . Qur research should expedite sockeye recovery by
hel ping to determ ne which of the Sawtooth Valley Lakes wll
provide the best spawning conditions, the safest rearing
envi ronnent , the best growh rates, and ultimtely the

greatest nunbers of adult returns.



CHAPTER 1:

0. nerka POPULATION CHARACTERI STI CS

In 1991, we began researching 0. nerka population
characteristics in the Stanley Basin. Currently, four of the
five large Stanley Basin |akes contain 0. nerka popul ations.
Some of the O. nerka stocks are distinguished as
evolutionarily significant units (ESU). G hers are not. A
better understanding of the dynamcs of all the 0. nerka
popul ations in the basin should help us restore the anadronous
form

Spaul ding (1993) reported initial efforts to describe O.
ner ka popul ation characteristics in Redfish and Al turas Lakes.
These studies focused on fry recruitnent from tributary
streans and spawning escapenent estimates. Conpl enent ary
studies were conpleted in 1993 and are reported here. Al so,
a pilot study quantifying spawning habitat in Redfish Lake is

i ncl uded.

Met hods

Tributary Fry Recruitnent

In 1992, fry energence estimates were nmade from Fi shhook
Creek, one of Redfish Lake's tributaries, and Alturas Lake
Cr eek. In Fishhook Creek, fry were collected using three
smal | fyke nets (30 cmw de and 60 cm deep). Nets were placed
under Fishhook Creek bridge and anchored to the substrate

3



using rebar. Corrugated pipe was used to connect the cod end
of each fyke net with a live box. Fyke nets were operated
daily -with few exceptions- between 20 April and 1 July 1993.
Nets were generally fished between 1800 and 0800 hours.
Fish captured in the nets were counted and imediately
rel eased back into the stream During peak 'energence, live
boxes were checked every 20 mn. Because of high water
conditions and equipnment constraints, we were unable to
gquantitatively assess fry enmergence from Alturas Lake Creek.
Daily fry recruitnent into Redfish Lake was estinmated by
summi ng the nunber of fish caught in all three traps, and
applying a correction factor for trap efficiencies. Trap
efficiencies were estimated using nark-recapture techniques
and radi shes. For the nmark-recapture nmethod, we narked fish
with Dbismarck brown dye. Because of difficulties
di stingui shing dyed fish, radishes were also used to estimate
trap efficiencies. Radishes are neutrally buoyant and shoul d
sinul ate passively mgrating fish. On 27 May, simlar results
were reported when conparing both techniques (Table 1). Trap
efficiencies were conpleted when obvious changes in stream

di scharge occurr ed.

Snolt Mbnitoring

Recently, The Idaho Departnment of Fish and Gane (IDFGQG
has nmonitored the mgration of 0. nerka snolts at the Sawt ooth

Fish Hatchery weir. In 1991, an estimted 11,000 snolts



passed the weir (Sawtooth Fish Hatchery; unpublished data).

It is not known, however, whether these fish originated from
Alturas, Pettit, or Yellow Belly Lakes. In order to describe
whi ch | akes are producing these snolts, we set a rotary screw
trap upstream of the confluence of Pettit and Al turas Lake
Cr eeks. The placement of the screw trap allowed us to
estimate sockeye snolt production from Al turas Lake as well as

contributions from Pettit and Yellow Belly Lakes.

Table 1. Trap efficiency estimates using dyed fish and
radi shes

Trap Creek Dat e Met hod Efficiency

fyke Fish H 12 May 1993 dye 14%

fyke Fish H 17 May 1993 dye 17%

fyke Fish H. 27 May 1993 dye 6%*

fyke Fish H 27 May 1993 Radi sh S%*

fyke Fish H 9 June 1993 Radi sh 6%

screw At L. 9 June 1993 Radi sh 30%

* indicates conparison between dye and radi sh technique.

On 8 June 1993 we began operating the rotary screw trap.
0. nerka snolts generally begin mgrating several weeks
earlier (md-Muy; unpublished data from the Sawtooth Fish
Hat chery). Permt delays prevented an earlier start. Trap
operation generally occurred between 1800 and 0700 hours. To
protect juvenile sal nonids from being consunmed by squawfi sh or

| arge salnonids, special care was taken to nmaintain cover



(sage brush bundles) in the screw trap's |ive box. To nonitor

downstream mgration timng and survival, we intended to PIT

tag 0. nerka snolts. However, no 0. nerka snolts were
col | ect ed. Al other fish were identified to species and
rel eased.

W al so placed a snolt nmonitoring station on Stanley Lake
Cr eek. Stanley Lake, an historic rearing |ake for sockeye
salnon (Bjornn 1968), maintains a relatively high 0. nerka
popul ati on (Luecke and Wirtsbaugh 1993). To find out if
Stanl ey Lake is producing snolts, we deployed a fyke on the
outlet stream The fyke net (1.5 m X 1.5 n) was placed
approximately 4.8 km below the | ake. W operated the trap

from4 May to 19 June 1993. The trap was checked tw ce daily.

0. nerka Spawning Surveys

Stream Spawni ng: Stream surveys were conducted on all
Stanley Basin lake tributaries that contain O. ner ka
popul ati ons. Surveys began in August and were continued unti
spawni ng ceased. Counts were conpleted from the bank by one
or two observers equipped with polarized sunglasses. Surveys
were conducted at three day intervals. On days when counts
were mssed, the nunber of fish in the streamwas estinated by
averagi ng the counts preceding and following the period wth
m ssed counts. Total escapenent estimates were nmade by
summing daily counts and dividing by average stream life

(streamlife = 12 days; Spaulding 1993). To distinguish areas



of spawning selectivity, each streamwas divided into a series
of transects (see Figure 1A, B, and C). Oher data collected
during the surveys included otolith sanples for age analysis
and fork | engths.

Beach Spawning: In 1992, beach spawning was observed on
sockeye beach, Redfish Lake (Spaulding 1992; unpublished
dat a) . Wth exception to genetic research, i nformati on
descri bing the beach spawni ng popul ati on (residual sockeye) is
[imted. In 1993, we qualitatively estimated spawning
densities on sockeye beach and surrounding areas.

Snor kel surveys were used to estinmate spawni ng densities

on sockeye beach. Each survey consisted of three observers
swimming one or two 20 mn transects. Each transect covered
approximately 300 m of shoal. Transects were conpleted

parallel to shore at depths ranging from.5 to 5 m Duri ng
each survey, we counted spawning 0. nerka densities within the
boundari es of sockeye beach as delineated by U S. D. A Forest
Service signs. Surveys were conpleted at two week intervals.
In addition to snorkel and dive surveys, a boat was used to
search for spawning in other areas of the |[ake. Simlar
t echni ques were used to search for beach spawning in Alturas

and Pettit Lakes.

Habi t at Survev

Sockeye beach, appropriately naned, is the area where

nost of the historic observation of sockeye spawning have
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occurred. Qur objective was to quantify sonme of the habitat
vari ables that nake sockeye beach a successful spawning
ground. In addition to quantifying habitat characteristics on
sockeye beach, we sanpled nunerous other locations in the
| ake. This information should be wuseful for assessing
avai |l able spawning habitat in Redfish Lake as well as for
determning the suitability of other Stanley Basin Lakes for
supporting introduced Redfish Lake stocks.

Substrate conposition is an inportant variable that
affects salmonid egg to fry survival (Platts et. al 1983). In
this pilot study, we quantified substrate conposition of known
spawning sites and conpared them to other shoal areas in
Redfish Lake.

Habi tat surveys were conpleted on Redfish, Alturas, and
Pettit Lakes. Each lake was divided into four regions.
Wthin a region, at least three replicate sites were sanpl ed.
Sample sites are shown in Figure 2. At each site two
transects were conpleted (one parallel to shore and one
per pendi cul ar) . Snorkel and SCUBA techniques were used to
conpl ete t he par al | el and per pendi cul ar transects,
respectively.

Parall el transects were 100 mlong and conpleted in water
~ 1.0 m depth. Resi dual sockeye were observed at simlar
depths in 1992 (Spaul ding 1992; unpublished data). Every 2 m
along the transect, a 0.1 m? plexiglass plate was hel d agai nst

the substrate and estimates of percent fines (< 6 mm, grave

11
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Figure 2, Sanple sites for Redfish Lake Habitat Survey,
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(6 to 50 my, cobble (51 to 100 nm), |arge cobble and boul der
( > 100 mm) and enbeddedness wer e recor ded.

Perpendi cul ar transects were conpleted to quantify
habi tat changes w th depth. Per pendi cul ar sites began near
shore and continued to a maxi mum depth of 12.2 m 0. nerka
have been reported to spawn in deeper water (20 n), but in
nost | akes and reservoirs shallower water is preferred (G pson
1992). Three depth strata were chosen for data analysis.
Strata criteria include shallow (0 - 3 n), internediate (3.1 -
6.1 n, and deep (6.2 - 12.2 m. Mean bottom slope for

per pendi cul ar transects was estinmated using transect |ength

and depth of last position. An ANOVA was used to test for

differences in habitat quality (% fines) anong areas.

RESULTS

Tributary Frv Recruitnent

Fi shhook Creek fry production increased substantially
over that reported in 1992 (Figure 3). Approximately 36,000
fry enmerged from Fi shhook Creek in 1992 conpared to 160,000 in
1993. Interestingly, adult spawning densities in 1992 were
only 33% greater than the 1991 estimate (9,600 and 7, 200,
respectively). Assuming 300 eggs per fenmale (Spaul ding 1993)

and equal sex ratios, egg to fry survival in Fishhook Creek

increased from 3% in 1992 to 12%in 1993. (One possible cause

for survival differences was increased runoff (see Appendix 3
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for Fishhook Creek discharge results).

Al 't hough high water conditions prevented sanpling from
Alturas Lake Creek, few fry Ilikely recruited. The 1992
spawning run for Alturas Lake Creek was estimated at 60 fish
(Spaul ding 1993). Assumng simlar fecundity and egg to fry
survival that occurred in Fishhook Creek in 1993, an estinmated
1000 young of the year 0. nerka would have recruited to

Alturas Lake via the inlet stream

:

DALY EBTIMATES

:

El 1893
m 1902

0
100 110 120 130 140 160 180 170 180
JULIAN DATE

Figure 3. Daily fry energence estimates in Fi shhook Creek for
1992 and 1993.

Smolt Mbnitoring

In both the Alturas and Stanley Lake Creek nonitoring
stations no 0. nerka smolts were captured. In Alturas, the
majority of fish captured were juvenile squawfi sh, suckers and
dace (Table 2). For Stanley Lake Creek, dace made up 69% of
all the fish caught followed by 14% squawfi sh and 11% scul pin.

14



Table 2. Non-target fish caught in the Alturas screw trap.

June
5 8 9 11 13 16 18 20 25 Tot al
Sqwf 10 32 56 24 62 1 10 19 5 219
sucker 2 6 4 5 4 15 7 11 21 75
Dace 0 2 4 3 0 8 1 21 26 65
Shi ner 0 0 0 0 0 1 5 3 2 11
C. smolt 1 2 0 0 0 0 0 0 0 3
C fry 0 0 2 1 0 0 0 1 1 s
Wiite F. 6 0 1 0 0 0 0 0 0 7
Scul pin 0 0 3 0 1 0 0 0 0 4
C. = Cnl nook
Spawni ng _Surveys
Stream Popul ati ons: Escapenent densities for 1993 in

Fi shhook and Alturas Lake Creeks were simlar to estimates
made in 1992 (Figure 4). Escapenent’' was greatest in Fishhook
(10,800) followed by Stanley (1,900) and Alturas Lake Creeks
(200). No stream spawning fish were observed in the South or
North inlets to Pettit Lake. However, 46 ripe 0. nerka were
captured fromPettit Lake using gillnets on 23 Septenber. The
Pettit 0. nerka population may be using shoal areas to spawn.

Run timng for Fishhook and Alturas Lake Creeks was very
simlar. The first observations of stream spawning occurred
on 8 and 9 August in Fishhook and Alturas Lake Creeks,
respectively. Spawning in Stanley Lake Creek may have begun
earlier and |lasted |onger than the other stream popul ations.
Qur first survey of Stanley Lake Creek occurred on 17 August

1993. At that time, it appeared that spawning activity was

15
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Fi gure 4. Kokanee escapenent in three Stanley Basin
tributaries. Notice different y axis for Fish Hook Creek.
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advanced conpared to the other tributaries (fish were paired
and guarding redds). In addition to a possible early start,
0. nerka continued to enter Stanley Lake Creek as late as 27
October, a nonth after spawning had ceased in the other
streams (Figure 4).

Converse to differences in run timng, age and size
conposition of Fishhook and Stanley Lake Creek kokanee was
simlar (Figure 5). The majority of kokanee spawning in
Fi shhook and Stanley tributaries were age 3. Age at spawni ng
in Alturas ranged from 2 to possibly 4. Age patterns for
Al turas, however, are unclear due to the small otolith sanple
Si zes. The mature kokanee captured in gillnets from Pettit
Lake were al so age 3.

Size and color of spawning fish varied anbng systens.
The | argest kokanee canme from Pettit Lake, followed by Stanley
and Fi shhook Creeks. Alturas fish were extrenely variable in
size (Figure 5). Alturas fish also showed distinctive color
di fferences conpared to other stream spawning popul ations.
The largest wild 0. nerka in Alturas were bright red in color.
The nore abundant smaller fish were generally paler. Both the
early spawning Stanley fish and Fishhook Creek spawners were
bright red. However, late spawners in Stanley Lake Creek
(Cctober) were pale in color, simlar to small Alturas fish.

The spatial di stribution of spawning in stream
tributaries is depicted in Figures 1A, 1B, and 1C. In Aturas

Lake Creek, nost of the wld fish spawned in the |ower
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sections of the stream (Figure 1C). Qutplants from the
captive broodstock program noved into the upper reaches and
even into Alpine Creek (Figure 1c). A few of the wild O.

nerka appeared to follow hatchery outplants upstream

Spawni ng between released captive broodstock and wld fish
occurred. In Stanley Lake Creek, spawning densities were
greatest in the mdd e reaches (Figure 1a). Spawning in
Fi shhook Creek appeared sonewhat honogeneous through transect
8 (Figure 1B). A cascade in transect 9 may inpede upstream
passage in Fishhook Creek.

Beach Spawni ng: On 1 Novenber 1993, 32 residuals were
observed while snorkeling sockeye beach, in Redfish Lake. On
the same day, two hatchery outplants were |ocated by boat.
The outplants were spawning in the south end of the |ake near
the small tributary across from Redfish Lake O eek. One of
the fish was in ~ 1.5 m of water the other in ~ 10 m At
simlar depth ranges in the sane location, we counted
approxi mately 13 |arge unguarded redds. No residual sockeye
were observed in this area of the lake (south end).

Qbservations of wild 0. nerka spawning in Redfish Lake
were made only on sockeye beach. A few 0. nerka were |ocated
in other areas (Table 3), but spawning activity was not
confirmed. Simlar to Redfish Lake, we observed adults al ong
Pettit Lake shoals but could not confirm spawning sites.

Table 3 sunmarizes results from all beach spawni ng surveys.
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Table 3. 0. nerka counts nmade during beach spawni ng surveys.
Al'l counts refer to adult sized wild 0. nerka.

Lake Met hod Dat e Location Tine Count
Redfish Snor kel ' 10/05/93 S. Beach 18:06 3
Redfish  Snorkel?’ 10/20/93 S. Beach 20:56 21
Redfish Snor kel ' 11/01/93 S. Beach 18:55 32
Redfish Boat 11/01/93 S. Beach 12:o00 28
Redfish Boat 11/17/93 S. Beach 09:15 7
Redfish Snor kel 10/05/93 Point C. 21:31 2
Redfish Di ve 10/21/93 Point C 23:41 1
Al t uras Snor kel ' 10/14/93 WP 14 20:08 0
Al t uras Snor kel 10/20/93 WP 20 23:17 0
Pettit D ve 10/05/93 WP 28 18:08 0
Pettit D ve 10/06/93 WP 28 20:29 2
Pettit Snor kel ' 10/06/93 WP 28 21:24 0
Pettit Snor kel 10/06/93 WP 26 21:50 0
Pettit D ve 10/20/93 WP 28 21:10 1

Superscripts refer to the nunber of transects conpl eted.
Wei gh point |ocations are in Appendix 5.

Habi t at  Survey

Substrate conposition was simlar between parallel and
per pendi cul ar transects. In both cases, percent fines were
greatest in the sockeye beach area (82 and 80%, respectively;
Tabl e 4). Percent fines were significantly lower in other
areas of the lake (Figure 6; p < .001 for parallel and
per pendi cul ar transects). G avel and small cobble substrate
(habi tat conducive to successful spawning) contributed little
to overall substrate conposition (Table 4). Areas C and D
contained relatively high proportions of I|arge cobble and
steep bottom slopes (Table 4). Large substrate and steep

bottom sl opes nmay inpede spawning activity.
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Fi gure 6. Percent fines in Redfish Lake. See Figure 2 for

| ocation of areas sanpl ed. Error bars are standard error.
Tabl e 4. Percent substrate conposition, enbeddedness, and
bottom slope in four areas of Redfish Lake. Data are neans
and (standard error). Per pendi cul ar (perp.) and parallel
(para.) transects are included.
Ara  fines G av. S. cobb L. cobb Enbed. Sl ope
Per p.
A*  82(12) 9 (6) 4 (3) 5 (4) 67(17) 8(4)
B 71(12) 18 (7) 3 (3) 5 (3) 66(18) 11(6)
C  43(23) 19 (3) 4 (3) 23(27) 52(26) 19 (9)
D 38(17) 25(12) 6 (1) 22 (7) 43 (7) 20(9)
Para.
A* 80 (9) 10 (4 3 (2 7 (9) 68 (11)
B 69 (18) 18(20) 5 (1) 6 (5) 58 (15)
C 34(29) 16 (7) 8 (6) 34 (27) 33(16)
D 33(12) 31 (8) 10 (4) 24(14) 37 (6)

* Sockeye Beach
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DI SCUSSI ON

Spring runoff may sharply influence Fishhook Creek fry
recruitment. Fry recruitnment increased three fold between
1992 and 1993. This increase occurred when spawni ng densities

were simlar (7,200 and 9,600 for 1991 and 1992

respectively). Spring runoff, however, was significantly
hi gher in 1993 (See part Il of this docunent for discharge
dat a) . Cooper (1965) reported that enbryo survival is

positively related" to the anobunt of water passing through a
sockeye sal non redd. Di scharge and fry recruitnment will be
nmonitored in 1994 so that a third year of conparisons can be
made.

The residual population that spawns on sockeye beach in
Redfish Lake appears minimal. Qur snorkel data indicated that
less than 100 sockeye beach residuals spawed in 1993.
Assuming equal sex ratios and 300 eggs per female, egg
deposition on sockeye beach was 12, 500. In 1993, Fishhook
Creek kokanee deposited over 1.3 mllion eggs. It is possible
that other residual populations exist in Redfish Lake, but
none were found.

Spawn timng was very simlar between 1992 and 1993. For
both Alturas and Fishhook Creek, spawners entered the streans
the first week of August and ceased spawning towards the
m ddl e of Septenber. These dates were very simlar to those

reported 1992 (Spaulding 1993). The only peculiar timng cane
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DI SCUSSI ON
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from Stanl ey Lake Creek where fish entered the stream earlier
and continued to spawn in late OQctober. Attenpts will be nade
in 1994 to take genetic sanples fromthe |ate spawning fish.

The stream spawning populations in Alturas Lake Creek
exhibited several differences from the other Stanley Basin
popul ati ons. First, the spawning population is small (60 and
200 fish for 1992 and 1993, respectively). This factor
concerns us because, simlar to the residual population in
Redfish Lake, the Alturas stock has nmaintained anadronous
characteristics (11,000 snmolts in 1991, and recent adult
returns; Bow er 1990). If this population should perish, we

may lose a critical portion of +the Snake River sockeye

popul ati on. Additionally, the majority of the 0. nerka
spawning in Alturas Lake Creek were small in size conpared to
ot her popul ati ons. Small size may reflect poor forage

conditions in Alturas Lake, conpounding problens related to
[imted nunbers.

Results from the habitat study suggest that substrate
conposition may not be the limting factor for beach spawni ng
popul ations in Redfish Lake. Percent fines were greatest in
known spawni ng areas (sockeye beach). Qher factors including
ground water inputs, BOD, and tenperature effects need to be
considered in future studies. Addi tional |y, research
conparing egg to fry survival between Fishhook Creek and
sockeye beach would help develop a nore conplete analysis of

spawni ng habitat quality and availability in Redfish Lake.
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CHAPTER 2:
COVPETI TI ON, PREDATION, AND FISH COVWUN TY ASSESSMENT

Redfish, Alturas, Pettit, Yellow Belly, and Stanley Lakes
(including their inlet and outlet streans) are listed as

critical habitat for recovery of Snake River sockeye sal non

(FR 68543). In addition to critical habitat distinction, the
St anl ey Basi n | akes provi de nuner ous recreational
opportunities. To neet recreational demands, the |DFG has

i ntroduced rainbow trout (Oncorhynchus mykiss), brook char
(Salvelinus fontinalis), and |lake trout (S. namaycush) in to
sone of the these | akes. One of our objectives is to ensure
that the 0. nerka populations in these systens are not
deleteriously affected by stocking or by managenent for non-
native species. In addition to possible interactions wth
i ntroduced speci es, northern squaw i sh (Ptychochei | us
oregonensis), and redside shiners (R chardsonius balteatus)
may also hinder sockeye recovery efforts. A Dbetter
understanding of all species interaction, in critical habitat
systems, should facilitate future mnmanagenent decisions. This
section reviews information collected during gillnet and

traw i ng surveys.

Methods

Stanley, Pettit and Alturas Lakes were sanpled in June
and Septenber 1993. Multi-panelled sinking gill nets of
24



square nmesh sizes 1.90, 2.54, 3.17, 3.81, 5.08, and 6.35
centinmeters were used. In each |ake, four areas were sanpled
at depths ranging fromO - 30 m See Appendix 5 for sanple
| ocati ons. Nets were set between 1800 and 2000 hours and
pul l ed by 0800 hours the next day. Depending on catch rates,
| akes were sanpled either one or two nights. Fish were
identified and neasured for fork |ength.

For diet analysis, fish stonmachs were renoved and pl aced
in 70% ethanol. Stonmach | avage was used to col |l ect non-Iethal
diet sanmples from bull char and | ake trout. In the lab, prey
itens were sorted by order, blotted dry and weighed to the
nearest 0.01 g. Zooplankton prey were enunerated and neasured
for |ength. Zoopl ankton lengths were converted to weight
using the length weight regression equations reported in
McCaul ey (1984). Diet overlap indices were calculated using
equations described by Koenings et al. (1987).

Fish collected in traw surveys were also sanpled for

stomach contents. Trawing was conpleted in June and
Sept enber 1993. Stomach contents were handl ed as described
above.

RESULTS

Species Conposition

The benthic fish comunity in Alturas Lake is dom nated

by norhtern squawfi sh and suckers. In Septenber, catch rates
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were 2.02 and 1.89 fish / hr, respectively. Hat chery rai nbow
trout, bull char, 0. nerka, and whitefish were sanpled at
| ower frequencies (.14, .09, .01, and .04 fish / hr,

respectively) Spring trends were simlar (Table 5).

Table 5. Gillnet catch rates (fish 7 hr) in Aturas, Stanley
and Pettit Lakes in 1993.

Al turas St anl ey Pettit

June, Sep. June. Sep. June, Sep
Bul | Char 0.03, 0.09 0.00, 0.00 0.00, 0.00
Brook Char 0.00, 0.00 0.06, 0.17 0.05, 0.15
Lake Trout 0. 00, 0.00 0.19, 0.18 0. 00, 0.00
Rai nbow T. 0.14, 0.14 0.42, 0.29 0.02, 0.64
0. nerka 0.00, 0.01 0.55, 0.12 0.00, 0.59
Suckers 0.69, 1.89 0.00, 0.00 0. 00, 0.00
Squawf i sh 1.06, 2.02 0.00, 0.00 0.01, 0.00
Redside S 0.00, 0.00 0.00, 0.00 0.22, 0.59
VWi tefish 0.09, 0.04 0.00, 0.00 0.00, 0.00

In Stanley and Pettit Lakes, fish comunities were
dom nated by salnonids (Table 5). Rainbow trout and 0. nerka
were consistently the nost abundant fish caught in Stanley
Lake. Stanley Lake also appeared to have a nodest Lake trout
popul ation (catch rates of .19 and .18 fish / hr; Table 5).

In Pettit Lake, rainbow trout, O. nerka and redside shiners
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were well represented (Septenber data; Table 5). A few brook
char were captured from both | akes.

Length frequency distributions for nobst of the species
caught in gillnets are shown in Figures 7a, B, and C.  Lengths
of rainbow trout ranged from 160 to 420 mm fork length. Mean
fork lengths for rainbow trout in Septenber for Alturas,
Pettit, and Stanley were 266, 266, and 255 mm respectively.
Rai nbow trout sizes were simlar between June and Septenber
sanple periods (Figures 7a, B, and O). Most of the rainbow
trout exhibited frayed and mssing fins indicating recent
introduction. Only one rainbow trout (420 mm caught in June
from Pettit Lake) was suspected to be a carryover from a
previous year. 0. nerka sizes ranged from 160 to 280 mm fork
length, with Pettit Lake producing the largest fish (Figure
7C) . Length frequency distributions for squawfish, suckers,
bull char and |ake trout are shown in Figures 7A-cC.

Gillnets were not set in Redfish or Yellow Belly Lakes by
t he Shoshone-Bannock tri bes. However, Redfish Lake was
sanpled by |IDFG personnel who were targeting bull char.
Squawf i sh and suckers were the npbst abundant fish caught (R
Dillinger, | DFG personal comunication). Interestingly,
Redfish and Alturas Lakes, two systenms without non-game fish
barriers, exhibit simlar fish community structure. Yel | ow
Belly Lake was sanpled by IDFG in 1992. Cutthroat trout and
brook char were captured (IDFG unpublished data), and it is

unlikely that any 0. nerka survived recent rotenone prograns.
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Foraging Habits

Conpetitors: G ven the extrene oligotrophic nature of
the Stanley Basin Lakes (Luecke and Wirtsbaugh 1993), food
resources for many of the fish species may be limting.
Conmpetitive interactions within and anong species nay cause
additional foraging stress resulting in poor 0. nerka growh
and survival. This section reviews foraging habitats of O.
nerka and potential conpetitors.

0. nerka popul ations anong the Stanley Basin Lakes share
simlar tenporal trends in foraging behavior. In June,
chironom d pupa nade up 93%, 98%, and 80% of 0. nerka stonach
contents by weight for Stanley, Alturas, and Redfish Lakes,
respectively. By Septenber, 0. nerka shifted their diets to
nore zooplankton prey (Figure 8). Daphnia was the nost
i nportant zooplankton prey in Redfish, Pettit and Stanley
Lakes. In Alturas Lake, Pol yphenus nmade the |argest
proportion of zooplankton prey (Figure 8). Prelimnary w nter
analysis indicated that Stanley Lake 0. nerka continued to
feed on zoopl ankt on. The dom nant prey item in Decenber and
January sanples was Copepods.

In Alturas Lake, rainbow trout diets were nmarkedly
different from those of 0. nerka diets. In June, rainbow
trout favored terrestrial insects (71% by weight), whereas O.
nerka preferred chironomd pupa (98%. Wen 0. nerka shifted
to zooplankton prey (in the fall), rainbow trout stonmachs were

filled with plant material. D et overlap between 0. nerka and
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rai nbow trout was 20% in June and .04% in Septenber. O her
species that may conpete with 0. nerka for food in Alturas
Lake include whitefish and young of the year squawfish. Diet
results for these fish are not available. In 1994, we hope to
coll ect such information.

Pettit Lake, diet overlap anobng species was |imted.
Redside shiners predomnantly foraged on Odonata |arva (70%
and 91% in June and Septenber, respectively). Rai nbow trout
consumed a broad range of invertebrates as well as a few
redside shiners (Septenber data; Table 6). 0. nerka diets in
Sept enber consisted of 100% Daphnia prey, yielding 0% diet
overlap with redside shiners and rainbow trout. Small sanple
sizes precluded spring conparisons.

In Stanley Lake, rainbow trout and 0. nerka shared
simlar food resources. Both species consuned chironom d pupa
in June and zooplankton prey in Septenber (See Figure 8 and
Table 6). Diet overlap between 0. nerka and rai nbow trout was
94% and 47% for June and Septenber, respectively.

Pr edat or s: Predation losses in the natural environnent
may frustrate sockeye recovery efforts as nuch as nortalities
in the brood stock program or in the mgration corridor.
Nuner ous predaceous Sspecies exist in the Stanley Basin Lakes
(Spaul di ng 1993). However , little is known about their
foraging habits or densities. In this section, foraging
habits of northern squawfish, bull char, rainbow trout, and

| ake trout are reported. Future research will be directed at
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estimating predator densities and quantifying the magnitude of

0. nerka consunption.

Tabl e 6. Rai nbow trout stomach contents (percent by weight)
for Stanley, Aturas, and Pettit Lakes.

Prey St anl ey Al turas Pettit
June

Daphni a 0.0 0.0

Chi ronom d Pupa 71.1 15.4

Chironom d Larva 0.0 0.0

Terrestrial Insects 10. 3 71. 4

Aquatic Insects 0.0 5.8

Mol | usca 0.0 1.1

Pl ant 13.4 6.3

Fi sh 0.0 0.0

O her 5.2 0.0

Sept enber

Daphni a 17.2 0.0 0.0
Chi ronom d Pupa 2.9 0.5 31.0
Chi ronom d Larva 3.9 6.8 0.0
Terrestrial |Insects 34.0 3.0 10.8
Aquatic Insects 3.4 22.5 21.6
Mol | usca 22.8 0.0 18.5
Pl ant 3.3 59. 2 8.1
Fi sh 10. 8 5.6 9.8
O her 1.6 2.2 0.2

Northern squawfish currently reside in significant
nunbers in Redfish and Alturas Lakes as well as in conpanion
tributaries. Because of permt constraints, however, diet
sanples were collected only fromA turas Lake. A total of 138
sanpl es were anal yzed from squawfi sh ranging in | ength between
110 and 480 mm fork length. Sanples were collected in June (n

= 50), Septenber (n = 62), and Decenber (n = 26). Because of
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relatively small sanple sizes and no apparent differences in
prey selection, data for all size classes were pool ed.
Squawfish diets were very different anbng seasons. In
June, squawfish prey was dom nated by oligochaetes (28% by
weight), terrestrial insects (20%), 0. nerka (16%), and
scul pins (11%. In Septenber, squawfish diets consisted of
nostly snails (34%), suckers (23% and 0. nerka (16%. In
Decenber, sculpins and aquatic insects conbined for 75% of
squawfish prey (Figure 9). 0. nerka were absent from

squawfi sh diets in winter sanples.
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Figure 9. Squawfish diet conposition (percent by weight) for
fish caught in gillnets in Alturas Lake.
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El even stomach sanmples were analyzed from bull char.
Unli ke squawfish, bull char preferred 0. nerka prey. 0. nerka
made up 89% of bull char stomach content. The remaining 11%
was unidentified fish prey. Because no other fish were
identified in the stomachs of bull char, the unidentified
portion was likely 0. nerka.

Lake trout in Stanley Lake showed seasonal changes in
diet conposition. A total of 17 stomachs were analyzed from
| ake trout ranging in size between 220 to 800+ nm fork |ength
(n = 10 in June, n = 7 in Septenber). In June, |ake trout
diets consisted of 66% chironom d pupa, 19% redside shi ners,
and only 3% 0. nerka. In Septenber, 0. nerka nade up 83% of
the diet followed by 10% chironomd |arva and 7% unidentified
fish.

Piscivory by hatchery rainbow trout was limted, but
noted in Aturas, Pettit, and Stanley Lakes (Table 6).
Redside shiners were the major fish prey for hatchery rai nbow
trout in Pettit and Stanl ey Lakes. In Alturas Lake, scul pins
were the dom nant fish prey. Interestingly, rainbow trout
pi scivory occurred only in Septenber. The absence of fish in
June stonmach sanples nmay have resulted from a |ack of
predation skill (fish were stocked in June), or changes in
food resources (e.g., reductions in the abundance of

invertebrate prey caused the shift to fish).
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DI SCUSSI ON

Bef ore di scussing the conpetition and predation results,
we caution the reader on two inportant facts. First, these
results represent two snapshots in tine (one sanple in June
and one sanple in Septenber 1993). These rel ationshi ps may
not hold for other periods (i.e., wnter). Secondly, diet
analysis is a prelimnary step in understanding the inpacts of
conpetitive or predatory interactions in fish comunities.
The magni tude of these interactions can not be determ ned from
di et anal ysis al one.

Conmpetition: In general, conpetitive interaction between
hat chery rainbow trout and wild 0. nerka popul ati ons may not
occur. Qur diet analysis suggested that foraging habits of O.
nerka and hatchery rainbow trout were sharply different in
Alturas and Pettit Lakes. In Stanley Lake, however, rainbow
trout and 0. nerka shared simlar food resources, but common
prey itens may not have been limting. For exanple, June
sanpl es showed that chironom d pupa were highly selected by
both rainbow trout and 0. nerka. However, 0. nerka gut
fullness was very high during the June sanple period
indicating that rainbow trout were not Iimting the avail able
forage. Additionally, wvirtually all fish species in Stanley
Lake were consum ng chironom d pupa in June. I f chironom ds
were in short supply, it is unlikely that voracious predators
like |ake trout would spend tine foraging on such small prey.

Concerns over high diet overlap would be nuch greater in
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a system like Alturas Lake, where food resources are scarce
and growth is poor (it generally takes two years to reach
smolt size in Alturas Lake conpared to one year in Redfish
Lake). Hence, the 20% diet overlap between rainbow trout and
0. nerka in Alturas may be nore detrinental to the 0. nerka
popul ati on than the 98% found in Stanley.

Intraspecific conpetition may have a greater inpact on
sockeye recovery than interspecific interactions. Bj ornn et
al. (1968) reported significant declines in Redfish Lake smolt
size as densities increased. Additionally, in [|immocorral
encl osure experinents, kokanee densities had a greater inpact
on growh than nutrient addition (see Part 2 of this
docunent). These data denonstrate the inportance of carefu
managenent of brood stock introductions to Stanley Basin
Lakes. Suppl enentation of 0. nerka popul ations under current
conditions may crash food resources which may in turn produce
small, potentially inferior snolts. Therefore, steps to
increase | ake productivity or control kokanee popul ations are
being considered as nmethods of offsetting increases in
foraging pressure brought on by broodstock supplenentation.
Feasibility studies directed at increasing |ake productivity
are ongoing, but early results indicate that fertilization
experinents may not yield desired results (see Part 2 of this
report). Productivity experiments will continue in 1994,

Controlling kokanee populations may be necessary to

expedite sockeye recovery efforts. In 1993, an estinated
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10,800 adult kokanee spawned in Fi shhook Creek, Redfish Lake.
Under simlar |ake productivity, and assum ng each spawning
kokanee in Fishhook Creek weighed 100 g, Redfish Lake could
have produced 108,000 10 g snolts. The |largest snolt
popul ation estimated |eaving Redfish Lake during Bjornn et
al.’s study was 65,000 (nean between 1955 and 1961 was
27,000). Bjornn et al. (1968) also nonitored kokanee spawni ng
in Fishhook Creek. In 1962 no kokanee were observed spawni ng
i n Fishhook Creek. W suggest that the decline in sockeye
over the last forty years was paralleled with increases in
Fi shhook Creek kokanee. Kokanee filled the void left by
sockeye. Therefore, controlling Fishhook Creek spawning
escapenent or energent fry densities should be considered as
one alternative to insure that forage resources are avail able
forage sockeye juveniles. Alternatively, sockeye progeny
could be reared in hatchery facilities until they reach snolt
stage, and then released into Redfish Lake. This strategy can
not and should not be used exclusively. It can not be used
excl usively because (under current policy) nmature sockeye from
the brood stock program will be released to spawn naturally.
The progeny from those fish wll exert additional foraging
pressure on food resources. Secondly, in addition to limted
hatchery rearing we should utilize natural environments and
processes where possible.

Predat i on: 0. nerka popul ations are being preyed on by

Lake trout, bull char, and squawfish. Although the magnitude
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of losses can not be determined from diet analysis, several
generalities can be nentioned. First, even though squawfish
in Alturas Lake do not appear to select for any one fish
species, their nunbers are so great that they probably exert
greater inpacts on 0. nerka popul ations than the |ess abundant
bul I char. Secondly, the lake trout population in Stanley
Lake may be controlling 0. nerka grow h. Forage resources
(zoopl ankton and benthic production) are greatest in Stanley
Lake, but 0. nerka growth is conparable to systens with | ower
forage resources (i.e., Redfish Lake; see Part 2 of this
report for |imology data).

Additionally, the lake trout population in Stanley Lake
may be reproducing. Stanley Lake was stocked with 15,000 | ake
trout in 1975. In 1986, |DFG conpleted a creel and gillnet
survey of Stanley Lake (Reingold and Davis 1987). The nean
size and age of |ake trout taken was 680 nm and ten years ol d,
respectively. Reingold and Davis (1987) concluded that the
| ake trout were not reproducing successfully. Qur conclusions
di ffer because, in 1993, we collected several |ake trout |ess
than 300 mm fork length (Figure 7B). Age analysis was not
conpleted on these fish, but it is unlikely that they were
ni neteen years ol d. In 1994, we plan to estimate the | ake
trout population. Once the population estimate is conplete,
a bioenergetics nodel wll be used to estimate 0. nerka
consunption rates. This information will help direct future

managenent and recovery goals for Stanley Lake.
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GOALS

1994 GOALS AND MANAGEMENT SUGGESTI ONS

Collect diet information on whitefish and young of the
year squawfish from Alturas Lake.

Set vertical gillnets in Alturas, Stanley, and Pettit
Lakes to evaluate pelagic fish conposition and feeding
habi t s.

Esti mate Lake trout popul ation size in Stanley Lake-.

Use bioenergetics nodeling to estimates |ake trout
consunption of 0. nerka in Stanley Lake.

Monitor fry recruitment in all the Stanley Basin
tributaries that support spawning popul ations.

Continue nonitoring stream spawning densities.

Locate beach spawning locations in Pettit and Alturas
Lakes (if any).

Use core sanple techniques to collaborate substrate
findings fromthe pilot habitat study conpleted in 1993.

MANAGEMENT  SUGGESTI ONS

Develop a contingency plan for <controlling Fishhook
Creek kokanee population size in the event that
fertilization experinents prove unsuccessful

Close fishing in Alturas Lake Creek during spawning
peri ods.

Maxi m ze adult broodstock releases in Redfish Lake. An
expected 800 sockeye from the brood stock program have
the potential to mature in the fall of 1994.

Take steps to begin the process of incorporating Al turas
Lake outmigrants into the brood stock program Devel op
br oodst ock objectives through discussion with |IDFG and
seek Stanley Basin TOC approval

Take steps to begin the process to reintroduce sockeye
into Pettit Lake.
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APPENDI CES

Appendi x 1. Sanple locations for gillnet sites and habitat
surveys.
Lake Site Gillnet Habi t at WP | ocati on
Redfish RFL-1 X 1 lat. N44 08.400
lon.W114 54. 812
Redfish RFL- 2 X 2 lat. N44 08.161
lon.W114 55. 096
Redfish RFL- 3 X 3 [at. N44 07.900
lon.W11455. 176
Redfish RFL- 4 X 4 lat. N44 07.805
lon.W114 55.171
Redfish RFL-5 X 5 lat. N44 06.473
lon.wW114 55. 248
Redfish RFL- 6 X 6 lat. N44 06.473
lon.W114 55. 550
Redfish RFL- 7 X 7 lat. N44 06.038
lon.W114 56. 159
Redfish RFL- 8 X 8 lat. N44 05.613
lon.W114 57. 241
Redfish RFL-9 X 9 lat. N44 06.170
lon.W114 57. 053
Redfish RFL-9 X 10 lat. N44 06.609
lon.W114 56. 428
Redfish RFL- 10 X 11 lat. N44 07.158
lon.W114 56. 011
Redfish RFL- 11 X 12 lat. N44 07.975
lon.Wi14 55. 820
Redfish RFL- 12 X 13 [at. N44 08. 447
lon.w114 55. 470
Al turas ALT-1 X 14 lat. N43 55.435
lon.W114 51. 352
Al turas ALT-2 X 15 lat. N43 55.513
lon.W114 51. 055
Al turas ALT-3 X 16 lat. N43 55.219
lon.W114 50. 707
Al turas ALT-4 X 17 lat. N43 54.877
lon.wW114 50. 979
Al turas ALT-5 X 18 lat. N43 54.558
lon.W114 51. 290
Al turas ALT-6 X X 19 lat. N43 54.350
lon.W114 51. 891
Al turas ALT-7 X X 20 lat. N43 54.348
lon.W114 52. 670
Al tur as ALT-8 X X 21 lat. N43 54.355
lon.W114 52. 266
Pettit PET- | X 22 lat. N43 58.622
lon.W114 51. 959
Pettit PET- 2 X 23 lat. N43 58.617
lon.W114 52, 387
Pettit PET- 3 X X 24 lat. N43 58.563
lon.W114 52. 979
Pettit PET- 4 X X 25 lat. N43 58.652

SN
S



Pettit
Pettit
Pettit
Pettit
St anl ey
St anl ey
St anl ey
St anl ey

PET-5
PET- 6
PET-7
PET- 8
STN-1
STN-2
STN-3
STN-4

>

x X X X

X X X X

26
27
28
29
30
31
32
33

lon.W114 53.
[at. N43 58.
lon.W114 53.
[at. N43 58.

lon.wW114 53.

lat. N43 59.

lon.wWl114 52.

[at. N43 58.
lon.wW114 52.
[at. N44 14.

lon.w11s 03.

[at. N44 14.
lon.wW115 03.
[at. N44 14.

lon.wW115 03

lat. NA4 14.
lon.W11s 03.

515
894
539
952
052
015
404
906
055
526
833
564
415
779
072
800
581
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KEY: Daph = Daphnia Cyc =Cydopoid Eur = Eurycerus 1 = Sculpin

Hol = Holopedium CP = Chironomid Pupa Amp = Amphipod Suk = Sucker
Bos = Bosmina CL = Chironomid Larva Z0o = zooplankton SQWF = Squawfish
Pol = Polyphemus TI = Terestria Insects O.n = 0. nerka BULT = Bull trout
Cd = Cdanoid Al = Aquatic Insects Rss = redside shiner LKT = Lake trout
Odo = Odonota Olg = Oligochaet Misc = Miscellaneous

Appendix 2A. 0. nerka diet (percent by weight) in Sawtooth Valley Lakes.

PREY

Lake Date Dap.  Hol. Bos. Pol. Cal. cyc. C.P. C.L. Eur. Amp. T.l.
Redtish 6/93 0.0 0.0 8.8 0.2 0.0 2.8 80.1 2.2 1.0 0.0 4.9
Redtish  9/931 .0 9.1 3.7 7.7 0.4 8.8 18.7 5.8 0.0p2382X0.0 4.9

Stanley  6/93 0.0 0.0 0.0 0.0 0.0 5.2 92.7 1.0 0.6 0.2 0.4
Stanley  9/93 54.4 4.7 159 0.0 0.5 6.0 ‘8.4 0.0 0.0 0.0 10.2
Stanley 12/93 6.6 0.0 13 0.5 715 20.1 0.0 0.0 0.0 0.0 0.0
Stanley  1/94 0.0 0.0 0.2 0.0 33.7 66.0 0.0 0.0 0.0 0.0 0.0
Alturas  6/93 0.0 0.0 0.0 0.0 0.0 2.3 97.6 0.0 0.0 0.0 0.0
Al turas  9/93 2.1 0.0 131 36.6 0.0 33 2.8 3.9 3.7 0.0 34.5
Pettit 9/93 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Appendix 2B. Rainbow trout diet (percent by weight) in Sawtooth Valley Lakes.

PREY

Lk Date Dap. CP. CL. TI. Al Mol. Odo. Plt. Scl. Rss. Misc.
Alt. 6/9%.0 154 0.0 714 5.8 11 0.0 6.3 0.0 0.0 0.0

Alt. 9/930.0 0.4 6.5 2.6 26.7 0.0 0.0 57.0 4.7 0.0 18

Stn.  6/92.0 71.1 0.0 10.3 0.6 0.0 0.0 13.4 0.0 0.0 4.6

Stn. 91981.2 2.9 3.9 34.0 2.7 22.8 0.7 33 0.0 10.8 1.6

Pet. 9/920.0 31.0 0.0 10.8 0.6 185 21.0 8.1 0.0 9.9 0.2
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Appendix 2C. Diet content (percent by weight) for species collected in gillnets.

PREY
Lk Spec. Date O.n Suk. Scl. Rss. Udf. mol. Odo. CP CL Al TIOIlg. Dip. Zoo. Plt. Misc.
Alt. SQWF 6/93 162 26 114 00 24 00 14 04 00 38 195 277 124 0.0 13 00
Alt. SQWF 9/93 161 231 00 00 160 387 00 02 00 04 00 00 32 00 43 00
Alt. SQWF 12193 00 77 383 00 00 77 00 00 77 308 00 00 00 01 77 00
Alt. BULT 93 85 00 00 00 111 60 o0 04 00 OO OO 00 00 00 00 00
Stn. LKT 6/93 32 00 00 192 89 00 00 664 00 00O OO0 08 00 00 OO 15
Stn. LKT ~ 9/93 831 00 00 00 71 00 00 01 97 00 00 00 00 00 00 00
Pet. RSS 6/93 00 00 00 00 00 98 695 00 00 52 00 00 00 00 00 155
Pett RSS 993 00 00 00 00 00O 90 920 00 OO 00O 00 00O 00 00 00 00
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Executive Summary

Li mol ogi cal investigations were nmade on five Sawmooth Basin
| akes and their drainages in 1992 and 1993 to evaluate their
capacity for recovery of the endangered Snake Ri ver sockeye sal non.
This report provides additional data to that reported after our
1992 investigation (Luecke & Wirtsbaugh 1993). Here we report on
five main conponents of the work: (1) The nutrient and water
budgets of the |akes (Redfish, Pettit, Alturas, Stanley and Yell ow
Belly Lakes); (2) Physical, chemcal, plankton, and fish popul ation
nmonitoring in the I|akes; (3) Li mocorral experinents in Redfish
Lake designed to determne how | ow and high levels of fertilization
woul d affect plankton and fish production; (4) Simlar |immocorral
experinents in Pettit Lake designed to evaluate how surface and
deep-water fertilizations could affect |ake productivity, and; (5)
Net - pen experinments and nodeling to evaluate how zoopl ankton food
resources and tenperature would influence the growh of sockeye
sal non.

The increased precipitation during 1993, conpared to that
during the 1992 drought year, greatly increased both the water and
the nutrient budgets of the lakes. Water inflow into the lakes in
1993 was near the long-term average, and it was 2-3 tinmes greater
than in 1992. Water residence times with normal precipitation
varied between 0.3 yr (Stanley Lake) and 3.0 years in Redfish | ake.
Cal cul at ed phosphorus and nitrogen budgets for Redfish Lake were 2-
3 times higher in the normal precipitation year than during the

dr ought . Areal nutrient loadings in 1993 were neverthel ess very
low. phosphorus | oadings ranged from 4 mg/m? in Pettit Lake to 11
mg/m?> in Stanley Lake. Water and nutrients entering in streans

plunge to deeper waters in the [|ake because stream water
tenperatures are cooler and denser than those in the |akes over
much of the year. These plunging inflows thus divert nutrient
inputs to the surface of the |akes and this probably contributes to
their unproductive state. Returning sockeye salnon were estimated
to have contributed 3% of phosphorus |oading when 4,400 adults



spawni ng popul ation of 25,000 adults.

Li mol ogi cal nonitoring indicated that the | akes were cool er
in 1993 than in 1992 and that thernmal stratification was |ess
pr onounced. Conductivity and tenperature profiles indicated that
sone of the |akes do not mx every fall and/or spring, thus
expl ai ning why they sonetines have very |ow oxygen levels in the
| owest strata despite their |ow productivity. Dissolved oxygen and
tenperature are nevertheless suitable for sockeye sal non growth
t hroughout nost of the water colum in all of the |akes. Higher
nutrient loading in 1993 than in 1992 increased phytoplankton in
the | akes over those observed in 1992. Nevert hel ess, nean summer
surface chlorophyll a concentrations in 1993 ranged between 0.5 and
1.0 ng m3, indicating that they are very unproductive. Man annual
chl orophyll levels were highly correlated with nutrient |oading
levels in the different |akes. Because phytopl ankton popul ations
are low, water transparency is high, wth Secchi depth readings
varying between 8 and 15 m during m dsunmer. The high
transparenci es permt phytopl ankton popul ations to develop in
deeper strata, and **c prinmary production neasurenents indicated
that these algae contribute over 50% of the productivity in the
| akes. The phyt opl ankt on popul ations in nost of the |akes are
dom nated by diatons, snal | chl or ophyt a, Di nobryon sp..
Cyanobacteria are present in |ow nunbers. Zoopl ankt on bi omasses
were lower in the lakes in 1993 than in 1992, despite the higher
nutrient |oading and al gal popul ations.

Nutrient additions to the surface waters of 340 m?
pol yet hyl ene tubes (Ilimmocorrals) containing Redfish Lake water
stinulated phytopl ankton  biomass, chl orophyl | a, primary
productivity, and zooplankton egg production over control
treatnents. The experinents did not denonstrate, however, higher
zoopl ankt on abundances or higher growh rates of juvenile kokanee
salnmon in the fertilized Ilimocorrals.

Pettit Lake |immocorral experiments denmonstrated that
phyt opl ankt on and zoopl ankton egg production could be stinulated
with either surface (epilimmetic) or deeper (metalimnetic) nutrient
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addi tions. Wien nutrients were added to the netalimia of the
limocorrals, algal growh and production was stinulated primarily
in the deeper waters, thus maintaining nore transparent surface
| ayer.

Net - pen experinents in Stanley and Redfish Lake indicated that
both tenperature and zoopl ankton food abundance will interact to
control the growth of salnon. Wen fish were held in the warner
surface water they only grew when food was abundant (Stanley Lake)
but not when it was limted (Redfish Lake) . Bi oenergetic
simul ati on nodel s were noderately successful in predicting sal mon
growmh rates in the different tenperature x food experinents.

Enpirical and simul ati on nodel i ng excercises i ndi cated that
I ncreasing nutrient loadings to the [akes has the potential to
doubl e the production of sockeye sal non. Adult sockeye sal non
returning to the Sawtooth Valley |akes would not contribute
substantially to the nutrient budgets of the |akes unless
outm grant survival was enhanced considerably.



Chapter 1

Water and Nutrient Budgets o
the Sawtooth Valley Lakes

by

Howard P. G oss
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| NTRODUCTI ON

Hydrol ogic studies in 1992 and 1993 by Uah State University
focused on the quantification of water budgets and nutrient | oading
of the historical rearing |akes of the Snake River sockeye sal non
(Oncor hynchus nerka) in the Sawtooth Valley of southcentral |daho -
Redfish, Alturas, Pettit, Stanley, and Yellow Belly Lakes. The
| akes' watersheds fornmed |ogical and conveni ent | andscape units for
these investigations (Likens 1985, Rigler 1977). These studies
have provided data essential for understanding the |ake systens in
three areas: (1) flushing rates, which help us understand how
quickly the Ilakes would respond to perturbations in nutrient
| oading; (2) the bottomup controls on lake primary productivity,
including tenporal and spatial variations; and (3) the effect of
the decline of sockeye runs on the nutrient budgets, and thus
primary productivity.

Lake productivity and nutrient loading are inportant factors
to consider when assessing strategies for the release of the
endangered Snake River sockeye sal non back into one or nore of the
| akes. Qur studies have shown these lakes to be highly
oligotrophic (Budy et al. 1993 and Chapter 2, this report), wth
both N and P co-limting algal production (Goss et al. 1993). In
turn, nutrient loading is positively correlated with algal biomass
(Dillon and R gler 1974, Vollenweider 1976). Finally, algal
standing crop has been shown to be positively related to
Oncorhynchus nerka biomass in ten of Ildaho' s oligotrophic |akes
(Rl eman and Myers 1992).

One strategy being considered to increase the fitness of
outplanted 0. nerka pre-snolts is lake fertilization. The decline
of anadronobus 0. nerka has nost likely resulted in decreased
nutrient loading from spawned-out salnmon to the five Sawt ooth
Val | ey | akes. Spawned- out salnon can be an inportant part of a
| ake's nutrient budget (Krokhin 1967, Stockner 1987, Koenings and
Burkett 1987). For exanple, when overfishing reduced spawning
sockeye salnon by 97% in Lake Dal nee, phosphate levels fell by 75%
and primary production by 40% (Krogius 1979, as cited by Thorpe
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1986). A nutrient "deficit" caused by loss of salmon to fishing or
ot her causes can be nade up with nutrient additions to stinulate
pl ankton production and, subsequently, fish growth and survival
(Nel son 1958, Stockner and Shortreed 1985, Kyle et al. In press).
Qur hydrol ogi c investigations have focused on providing data to
evaluate the need for lake fertilization. This data is al so
necessary to conpare annual lake nutrient inputs from the
wat ershed, wth nutrients returned to the |akes by spawning o.
ner ka.

Each of our five study |akes exhibit a deep chlorophyll [|ayer,
with meta- and hypolimetic chlorophyll a levels 1.2 to 9.4 tinmes
the level in the epilimion during the ice-free stratified periods
(Budy et al. 1992 and Chapter 2, this report). Several reasons
have been proposed to explain this phenomena in other |akes - |ight
attenuation in the water colum, reduced grazing pressure,
differential sinking rates of algal cells, and/or higher nutrient
concentrations at depth (Fee 1976, Richardson et al. 1978,
Shortreed and Stockner 1990, Gasol et al. 1992).

Qur hydrologic investigations have focused on evaluating
anot her possible factor responsible for the formation and/or
mai nt enance of deep chlorophyl| maxima - plunging inflows. In the
Sawt oot h Val l ey |ake systens in 1992, tenperature nmeasurenents
showed stream inflow tenperatures to be simlar to those of each
| akes' netalimion and upper hypolinmion. W hypot hesi zed t hat
t hese colder, and thus denser, inflows would result in an interflow
to the lakes, or cause a plunging inflow, that delivers nutrients
to the nmetalimion and hypolimion. This may contribute to the
ul traoligotrophic status of the epilimion and the formation of a
deep chlorophyll maximum in each |ake. Vincent et al. (1991)
described how plunging inflows in a New Zeal and | ake deprived the
epilimion of nutrients and affected eutrophication.

To neet these objectives, we have neasured water budgets and
nutrient loading for total nitrogen (TN) and total phosphorus (TP)
for the Sawtooth Valley Lakes in 1992 and 1993 to quantify |ake
wat er residence tinme and annual and seasonal fluxes of nutrients.
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This provided a good contrast between an extreme drought year
(1992) and a nore nornmal water year (1993). The water budgets for
both 1992 and 1993 are reported here. A water budget for Yellow
Bel |y Lake was not devel oped for 1993. Nutrient budgets for
Al turas, Pettit, Redfish, and Stanley Lakes for 1993 are al so
reported, as well as for Redfish Lake for 1992. Additionally, we
intensively neasured stream and | ake tenperatures to determne if
pl ungi ng i nflows occurred. The ongoi ng anal yses of the plunging
inflow investigations are discussed briefly.

STUDY AREA

The five study |lakes are located in the Saw ooth Vall ey
National Recreation Area in southcentral I|daho (lat. 44°, | ong.
115°) at elevations between 1985 and 2157 m (Fig. 1, Table 1). The
| ake's watersheds lie nostly within the Sawtooth W derness Area,
and drain the east side of the granitic Sawtooth and Snoky
Mountains. The U shaped |ake basins were heavily glaciated during
the Pl ei stocene when gl aciers advanced just beyond the nouths of
the nmountain valleys, depositing |arge noraines behind which the
| akes are inpounded (Killsgaard et al. 1970, Alt and Hyndman 1989).
Detailed investigations into the streanflow hydraulics and geonetry
and the water quality of the channels of the Upper Sal non R ver
area were conducted in the early 1970's by Emett (1975).

Table 1. Sawtooth Valley Lakes physical and norphonetric
data.

VBX.
Surface Mean Max. Drai nage Drai nage

Lake El ev. Area Depth Depth Area El ev.
(m) (km?) (m) (m) (km?) (m)

Redfish 1996 6. 15 44 91 108. 1 3277
Al turas 2138 3.38 32 53 75.7 3246
Pettit 2132 1.62 28 52 27. 4 3246
St anl ey 1985 0.81 13 26 39.4 3005
Y. Belly 2157 0.73 14 26 30.4 3246
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The study |akes are popul ar regional destinations for boating,
fishing and water sports, hiking, canping, and picnicking. The
devel opnent on the | akes consists of a cabin/lodge conplex on
Redfish Lake, approxinmately twenty vacation cabins on Pettit Lake,
organi zational canp conplexes directly below Alturas Lake, and a
devel oped campgrounds at Redfish, Alturas, and Stanley Lakes. All
| akes except Yellow Belly Lake are accessible by hard-surface roads
and have boat ranps.

Al'turas and Stanley Lakes each have one perennial inflow
Redfish Lake has two perennial inflows, Redfish Lake Infl ow and
Fi shhook Creek. Pettit Lake has two perennial inflows, called (for
t he purposes of this report) Pettit North Inflow and Pettit South
Inflow. In the 1992 annual report (Spaulding 1993), these streans
were referred to as Pettit Main Inflow and Pettit Intermttent
Inflow, respectively.

METHODS
Lake Water Budgets

A | ake's annual water budget can be expressed by the follow ng
(Li kens 1985):

|+P+R+G=O+E+SP+OSC, (1)
where | = stream i nfl ows,
P = precipitation on |ake surface,
R = non-channelized runoff,
G = groundwater inflows,

0 = stream outfl ows,

E = evaporation,

S, = seepage, and

6s. = annual change in | ake storage.

G and s, were not quantified in this investigation; és, is
negligible for the Sawtooth Valley Lakes.

Stream Inflows and Qutflows. Staff gauges were installed in
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1992 on the inflows and outflows of the five |akes. D scharge was
measured using a Marsh-MBirney Flo-Mate 2000 el ectromagnetic flow
meter. Measurenents were taken at 15-20 points along a cross-
section. |f streamdepth was < 0.75 m flow was neasured at six-
tenths of depth; if streamdepth was > 0.75 m flow was averaged
bet ween neasurenents taken at two- and eight-tenths of depth
(Marsh- McBi rney 1990) . A gauge reading of stream stage was
recorded with each discharge nmeasurenent, allow ng the devel opment
of a stage-discharge relationship for each stream(e.g., Fig. 2).
This allowed discharges to be determ ned on several dates by
recording the stage height. In 1993 we directly nmeasured flows or
t ook gauge readings to estimate discharge at |east weekly for each
stream from late-April through Septenber, wth nore intensive
nmeasurenents nmade during the peak runoff between md-Miy and | ate
June. In 1992, these nmethods were used to estimate discharge at
| east 3 tines per nonth from May through Septenber. Sever al

addi tional measurenents were al so nmade during baseflow conditions
both years. Additionally, [|-3 gauge readings were taken daily on
Fi shhook Creek in 1993 and 1992 and on Alturas Lake Inflow in 1992
during the kokanee fry energence period (Shoshone-Bannock Tri bes,

Dept. of Fisheries). This period enconpassed the rising |inb,

peak, and falling linb of the |ocal hydrograph each year.

M ssing discharge information for sonme of the streans were
estimated from regressions for those «creeks wth the nore
i ntensively neasured discharges in Fishhook Creek and Alturas Lake
Inflow. Linear regressions with suitable r* val ues (20.93) bet ween
these two streans and the other study inflows were used to derive
t hese val ues. Conparisons to USGS streanfl ow data (USGS, Boi se,
ID) for the Salmon River at Salnon, ID (Station |ID 13302500) were
used to augnent the hydrographs during wi nter baseflow peri ods.

Precipitation. Since the study |akes are ice-covered several

months each year, precipitation input was partitioned into
precipitation received during the ice-free season, P,, and during
the ice-cover season, P,. P, was an imediate input into the |ake.

P, was derived fromrecordings made at a weather station in Stanley
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(Station I D 108676) which is part of the State dimatologist's
network (M. Mol nau, State Cdimatol ogist, University of |daho,
Moscow) . In addition, p, was recorded from a gauge near the
Stanl ey Ranger Station (Mark Multon, U S. Forest Service) and the
authors. The later recordings were used for nonths for which data
fromthe Idaho State dinmatol ogist were not available. For nonths
with recordings for both gauges, results were simlar.

p, accurmul ates on the frozen |ake; sone of it sublimtes or
evaporates. The rest does not beconme a direct water input to the

| ake until the ice cover breaks up in the spring. In order to
determne this anount, data fromthe Soil Conservation Service
(SCS)snow courses was used (scs, Boise, ID). The snow wat er

equi val ent (swe) of the snowpack for April 1 at the Redfish Lake
Flat (RFL) site was used to estimate the quantity of the
precipitation input which accunul ated on the | ake before ice-out.
Because the RFL snow course becane inactive in 1990, we predicted
the SWE for this site using regressions based on 30 years of data
(1961-1990) fromtwo other SCS snow courses, Banner Summt (BS) and
Vienna (VM), in the region. Linear regressions between each site
and the RFL site yielded the follow ng equations:

RFLg — 0.492*BS,, - 1.58, r* = 0. 82 (2), and
RFLg, = 0.346*VM,,; - 0.561, r? = 0.85 (3).

The neans of RFLg,, and RFLg,, Were used. |In 1992, RFLgE and RFLg,
were equal; in 1993 they differed by 0.5 cm

Non- channel ized hillslope runoff (NHR). The watersheds for
each | ake have portions which drain directly into the |akes and are
not accounted for when |ake inflows are neasured. Most of these
areas are forested, rising only a few hundred neters above the
| akes they immediately surround. Unit runoff from these areas was
conputed as precipitation for Stanley m nus the percent lost to
evapotranspiration for a mature forest (38% for Hubbard Brook
Experimental Forest, NH Likens et al. 1977).
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Lake evaporation. We used the maps of Dunne and Leopold
(1978) and Wbl man (1990) to estimate | ake evaporation for the
Sawt ooth Valley Lakes. Both of these sources gave annual figures
of 70 cm

Percent difference between inputs and outputs to the |akes was
cal cul ated as:

[(I+P+R) - (O+E)] * [O+E]* x 100 (4) .

Lake flushing rates. Lake vol unme divided by annual average
outflow yields | ake flushing rate. Lake vol unmes were cal cul at ed
from hypsographic curves reported in Spaulding (1993). Qutfl ows

were integrated through time from our discharge neasurements on the
outl et creeks.

Lake Nutrient Loading

We conmputed TN and TP fluxes for each input of the water
budget by multiplying nutrient concentration by water quantity.
The results were integrated over time to provide vol une-wei ght ed
annual  fluxes. Since we have gauge readi ngs and discharge
nmeasurenments for nore dates than we collected stream sanples for
nutrient analyses (see below), interpolation was used to determ ne
some of the nutrient concentrations used in the flux conputations.

Stream inflows. In 1993, we collected inflow stream water
sanpl es weekly for each stream from late-April through Septenber,
wi th additional sanples collected during the snowrelt season. In
1992, we collected sanples at least 3 tinmes per nonth from May
t hrough Sept enber. Addi tional sanples were also taken during
basef| ow condi tions both years.

Depth-integrated stream sanples were stored in Nalgene
pol yet hyl ene bottles. Bottles were rinsed first with 0.1 N HC1 and
then three times with aliquots of the actual sanple. Sanples were
stored in an ice cooler and then frozen upon return to our field
| abor at ory.

Each sanple was anal yzed for total nitrogen (TN) and total
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phosphorus (Tp). TN was calculated fromthe sum of Total Kjeldahl
Nitrogen (TKN) and nitrate+nitrite nitrogen (NO,-N). Unfiltered
wat er was used for TKN and TP anal yses; sanples analyzed for (NO, -
N) were filtered through a 0.45-um filter. TP sanples underwent a
persul fate digestion and were then anal yzed colorimetrically in our
lab (UWah State University Limmology Laboratory) using the
nmol ybdat e - absorbic acid nethod. N trogen anal yses were done by
colorimetrically using a Kjeldahl digestion for TKN and the
hydrazine nmethod for NO, at the University of California at Davis
Li mol ogy Laboratory. Replicates, spikes, and standard solutions
were used for quality control/quality assurance.

Precipitation. The nitrogen species in precipitation are NO
and NH, which are sumed to calculate TN The nean volume-
wei ghted TN concentration of six sites in the National Atnospheric
Deposition Program National Trends Network (NADP/NTN 1994) were
used to determne precipitation nutrient concentration for the
Sawt ooth Valley (Table 2). These particular sites were chosen
because of their proximty to the Sawtooth Valley.

The NADP/NTN nonitors PO, concentrations, but states that over
95% of the neasurements are below the current detection limt (20
ug/L) . Since PO concentrations |ower than the detection l[imt can
result in a TP load which is above trace anounts in the Saw ooth
Val l ey Lakes, a concentration of 8 ug/L (for total wet and dry
deposition, from Hubbard Brook, Likens et al. 1977) was used to
estimate inputs.

W col l ected our own precipitation sanples between April and
Decenber of 1993. When anal yzed, data from anal ysis of these

sanples will allowus to refine the precipitation nutrient fluxes
into the Sawtooth Valley Lakes.
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Table 2. Sites used fromthe National Atnospheric Deposition
Prograni Nati onal Trends Network (NADP/NTN 1994) to determ ne

TN concentration of precipitation for the Sawt ooth Vall ey
Lakes, |ID.

Station Nane County State Elev. TN
(m) (ug/L)

Craters of the Mon Butte ID 1807 880
Headquarters d earwat er I D 969 390
Reynol ds Creek Owhee | D 1198 690
Snmiths Ferry Val | ey | D 1442 440
Lost Trail Pass Raval | i MT 2414 270
Yel | owst one National Park Par k Wy 1912 640

Mean TN of all sites: 550

Non- channel i zed hillslope runoff (NHR). W did not neasure
nutrient concentrations in NHR but rather estimted them by using
the nmean annual nutrient concentration for the inflow(s) to each
| ake (annual nutrient load = annual water discharge). NHR volume
was nmultiplied these concentrations to determne NHR nutrient
| oads.

Pl ungi ng I nfl ows

The tenperatures of the six inflows to Redfish, Al turas,
Pettit, and Stanley Lakes were recorded by placi ng Hobo-temp®
t her mogr aphs (Onset Conputers, Boston, MA) in the stream channel s
SO 200 mfromthe |akes. These thernographs were accurate to 0.2°C
and recorded at 36 nmin to 2.4 hr intervals. Lake tenperature
profiles were neasured every two weeks. Tenperatures were
recorded fromwhen the | akes turned over in md-My through the end
of Qctober, except for Redfish Lake Inflow, where recording started
in md-April

The slope of the lake bottom at the inlets determ nes how far
plunging water will need to flow (and diffuse) before it reaches
wat er of equal density. W neasured these slopes in each | ake
using a neter line and an echosounder on our boat.
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To test whether tenperature of the streams accurately
predi cted the depth to which the water would plunge, we placed
f luoroscene dye (Rhodamine WI) in the Pettit South Inflow on 9
Cctober. The dye was visually traced by SCUBA divers who neasured
the depth to which the dye plunged.

RESULTS
Wat er budgets

The water budgets in the |akes were dom nated by stream
inflows and outflows (Table 3). |Inflows represented 89-96% of the
inputs and outflows were 87-98% of the measured | osses (seepage was
not measured). The percent difference between inputs and outputs
ranged from-13 to 21% in 1992 and from-3 to -1%in 1993, when
di scharges were nore frequently neasured.

Water inputs to the |akes in 1993 were between 194% and 268%
of the 1992 inputs; output differences were sinilar. The onset of
t he snowmelt period was approximately 10 days later in 1993 than
1992 (Fig. 3a). The highest flows during 1993 occurred in late
June, due to a rain-on-snow event. Near-base flow was reached in
m d- Septenber in 1993 and in md-August in 1992. Hydrographs for
the lakes' inflows and outflows are shown in Appendix 3.

The ice-free season for the |akes was fromearly-My in 1992
or md-May in 1993 through early Decenber. Precipitation during
the ice-free period (pP,) was 23.7 cmin 1993 and 10.7 cmin 1992.
Precipitation inputs when the | akes are frozen (p,) was 29.2 cmin
1993 and 16.2 cmin 1992. The 30-yr averages of P, and P, are 30.2
cmand 18.7 cm respectively. Thus, for 1993, precipitation for
the basin was very close to average.

Lake flushing rates based on 1993 outflows were between 0.3
and 3.0 yr, which were 36-55% of those based on 1992 outfl ows
(Table 4, Goss et al. 1993).
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Table 3. Water budgets for Sawtooth Valley Lakes, 1992 and
1993. Al quantities are 10° m*, except for A which is in %
(A= [Sumof inputs-sumof outputs] Xx [sum of outputs]* X
100) . NHR = non-channelized hillslope runoff.

Gai ns Losses
Lake Inflows Ppt. NHR Evap. Qutflow A (%)
1992
Redfish 43.2 1.6 3.5 4.3 50.3 -11
Al turas 20. 3 0.9 1.3 2.4 23.6 -13
Pettit 7.4 0.4 0.5 1.1 7.4 -2
St anl ey 13.0 0.2 1.0 0.6 11.2 +21
Y. Belly 13.2 0.2 0.3 0.5 14. 6 -9
1993
Redfish 83.4 3.3 6.9 4.3 89.9 -1
Al turas 55.9 1.8 2.6 2.4 59.8 -3
Pettit 19.8 0.9 1.0 1.1 20. 8 -1
St anl ey 30.0 0.4 2.0 0.6 32.4 -2
Tabl e 4. Conmputation of flushing rates for the Sawt ooth

Val | ey Lakes, based on 1992 and 1993 outfl ows. Fl ushing rate
= | ake vol ume - annual outfl ow.

Lake Lake Annual Qutfl ow Fl ushing Rate
Vol une (10° m®) (Yr)
(10° m") 1992 1993 1992 1993
Redfish 269.9 50. 3 89.9 5.4 3.0
Al turas 108. 2 23.6 59.8 4.6 1.8
Pettit 45.0 7.4 20. 8 6.1 2.2
St anl ey 10.4 11.2 32. 4 0.9 0.3
Y. Belly 10. 3 14. 6 -- 0.7 -

Nutri ent budgets. Nutrient loading to the Sawtooth Valley
Lakes varied from 110-930 kg TP and 2,380-11,900 kg TN in 1993
(Table s). TP nutrient |oading to Redfish Lake in 1993 was 930 kg,
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al nost twice as nmuch as the 470 kg in 1992 (Table 6). TN nutrient
| oading to Redfish Lake in 1993 was 11,900 kg, nearly three tines
the 4080 kg P in 1992. Nutrient concentrations used to derive
these figures are in Appendix 1.

As expected, the mgjority of the nutrient |oading occurred
during the snowmelt runoff period. Between 12 May and 30 June,
1993, only 13% of the cal endar year, the streans delivered an
average of 69% (range: 60-78%) of their annual TP | oad and 67%
(range: 54-79%) of their annual TN load (Fig. 3b; Appendix |b).'

Tabl e 5. Nutrient budgets for the Sawtooth Valley Lakes in

1993. Ppt. = precipitation, NHR = non-channelized hill sl ope
runof f.
Total (ka) $ of TP $ of TN
Lake TP TN Inflows NHR pPpt. Inflows NHR ©Ppt.
Redfish 930 11900 89 8 3 78 7 15
Al turas 720 6570 94 4 2 81 4 15
Pettit 110 2380 89 5 6 76 4 20
St anl ey 390 3140 93 6 1 87 6 7
Table 6. Conparison of nutrient budgets for Redfish Lake, 1993
and 1992. Al figures are in kg. Ppt. = precipitation, NHR =
non- channel i zed hillslope runoff.
Lake [ nf | ows NHR Ppt. Tot al
TP TN TP TN TP TN TP TN
1993 830 9330 69 775 26 1790 930 11900
Fi shhook Creek 450 4060
Redfish Inflow 380 5270
1992 420 2930 38 239 13 910 470 4080
Fi shhook Creek 130 950
Redfish Inflow 290 1980
Pl ungi ng inflows. Mean daily stream tenperatures in 1993
ranged from<1 to 6°c in the spring and fall and from8 to 11°cC
during m dsunmer. However, stream tenperatures exhibited a diel
fluctuation of between 4 and 8-°cC. Wth the onset of |[ake
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Figure 3. A) Comparison of 1992 and 1993 hydrographs for Fishhook
Creek, a tributary of Redfish Lake. B) Temporal variation in
total nitrogen and total phosphorus loading from Redfish Creek
inflow in 1993. Additional nutrient-loading plots and hydrographs
for other streams are shown in Appendices 1B and 3, respectively.
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20% | ess than for a "normal" year, and peak runoff was -3 weeks

earlier than normal. The hydrograph in 1993 contrasted sharply
with that in 1992, which was the sixth year of a drought period and
had the | owest streamflows in 78 years. The differences in

hydr ograph characteristics between 1993 and 1992 for the Saw ooth
Valley streans were simlar to those at the USGS gauging station on
the Salnon River at Salnon, ID (cf. Fig. 3 and 5b, Appendix 3).

The two- and three-fold increases in TP and TN |loading to
Redfish Lake in 1993 over 1992 can largely be attributed to
increased stream flows (Table 6). The largest increase (four-fold)
in nutrient |oading was from Fi shhook Creek, probably the result of
flushing of the wetland system through which Fishhook Creek passes
just before entering the |ake. Several intermttent channels
allowed this area to be flushed by overbank flows, clearing nuch
organic debris which accunulated during the 6-year drought.

Variation in the magnitude of nutrient-I|oading anong the
Sawt oot h Valley Lakes is partially explained by the differences in
sizes of the | akes and their watersheds (Table 1). Lake size
directly affects the anpunt of nutrients contributed by
precipitation. Nutrient loading fromstreans is also affected by
wat er shed si ze. Nutrient export from the watersheds varied
substantially between |akes (Table 7). Redfish Lake's watershed
yi el ded hi gher TN/m* than other basins; this may be due to the
flushing of nutrients accunulated in the wetland by Fishhook Creek
overbank flow. The calculated areal yield of TP fromPettit Lake's
wat ershed was | ess than half of that in the other watersheds,
| argely because we did not find a pulse in the nutrient
concentrations during spring runnoff (Appendix 1).

Areal nutrient loading to the |akes was influenced by the
ratio of watershed area to | ake area (Table 7) . A higher watershed
to lake area ratio signifies focusing of a greater quantity of
nutrient runoff per unit area of |ake surface. Accordi ngly,
Stanl ey Lake had the highest watershed to | ake area ratio and the
hi ghest TP and TN areal loading rates. Alturas and Redfish Lakes
had simlar ratios and |loading rates, all of which were 30-50% of
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the values for Stanley Lake. TP |oading to Pettit Lake was |ow as
the result of the low areal export fromthe watershed, and its' |ow
wat ershed to | ake area ratio.

Table 7 Nutrient contribution fromeach stream normalized
by drainage area, and total nutrient | oadi ng ;er surface
area, of the Sawtooth Valley Lakes during 1993.

Wat ershed - mg/m? Of g/m* of | ake
Lake Lake Area drai nase area surface
TP TN TP TN
Redfish 17.6 10. 3 115 0.15 1.93
Al turas 22. 4 10.4 82 0.21 1. 94
Pettit 16.9 4,3 80 0. 07 1. 47
St anl ey 48. 6 11.2 84 0. 48 3. 87

The measurenent of Redfish Lake's nutrient budget in 1993,
during what appears to be a "normal" flow year, allows us to
conpare what percent of nutrients were contributed to the | ake by

adult sockeye in the past. In 1955 Bjornn et al. (1968) counted
4,361 adult sockeye returning to Redfish Lake. Based on the
calculations in Table 8,  Scenario 1, if this nunber of fish

returned in 1993, they would have contributed 3% of the TP and 2%
of the TN budget. However, the nunmber of sockeye that returned in

1955 was, according to Bjornn et al., "probably only a snall
fraction of the nunber which returned during the 1800’s....There i s
no reliable information on the nunbers of sockeye sal non spawni ng
in Redfish Lake at those early tines." To denonstrate another

possi bl e scenario, we have therefore assuned a return of 25,000
adults, which gives a spawner density (4065/km?) simlar to that
reported for Karluk Lake, Al aska, a systemwth some |imol ogical
characteristics simlar to those in RrRedfish Lake. (Table 8,
Scenario 2). I f 25,000 spawners returned to Redfish Lake we
estimate that they would have contributed 17% of the phosphorus and
9% of the nitrogen comng into the |ake.
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One nust al so consider what portion of the nutrients entering
the i1ake are recruited into the aquatic food web. Bioavailable
phosphorus entering via streams usually does not exceed 60% of
total phosphorus, and is often considerably |ess (Sonzogni et al.
1982). A simlar proportion of the nutrients brought to the |akes
by returning fish can be lost to sedinentation, particularly by

i mobi |1 zation of phosphorus in bones and scal es (Kitchell et al.
1975; Parmenter and Lamarra 1991).
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Table 8. Annual total phosphorus (TP) and total nitrogen (TN)
budgets for Redfish Lake, wusing 1993 inflows as an average
year, and including two scenarios of adult sockeye contributing
nutrients.

| nput : TP % TN %
Scenario 1. 4,361 adults in 1955 (Bjornn et al. 1968)
Fluvial i nputs 900 94 10, 100 83
Precipitation 26 3 1, 790 15
Adult sockeve 3212 3 2003 2
Tot al 960 100 12,100 100
Scenario 2: 25,000 adults, pre-1900's, hypothetical
Fluvial i nputs 900 81 10, 100 77
Precipitation 26 2 1, 790 14
Adult sockeye —190*2 17 1.150%? —9
Tot al 1, 100 100 13, 000 100

t Using a mean wei ght of sockeye adults returning to Redfish
Lake of 2.2 kg, based on a nean fork |ength of 561 mm (Bjornn
et al. 1968) and the |ength-weight relationship derived from
Bur gner (1992).

2&?§ed on 0.3364% P in an adult sockeye (Koenings and Burkett
1987).

* Based on 10.12% N (% dry mass) in an adult rainbow trout
(Parmenter and Lamarra, 1991), and 20.6% dry nass in an adult
sockeye after niqgration to Lake Babine, B.C’ (Brett 1983).

The wat er budgets for 1993 appear to be nore accurate than
those for 1992, with inputs and outputs differing by only -3 to -1%
in 1993 versus -13 to +21% in 1992. The inproved accuracy in 1993

is nmost likely a result of the greater nunber of discharge
nmeasurenents and gauge readings taken (including diurnal
conpari sons during the snowmelt period) conpared to 1992. The

agreenent between inflow and outflow in 1993 is quite good
considering that neither groundwater inflows for non-NHR areas nor
seepage |losses fromthe |akes were considered in these budgets.
Very low nutrient |loading to the Sawtooth Valley Lakes (Table
7) may be exacerbated because fluvial inputs appear to plunge bel ow
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the epilimia of the lakes during much of the year (Fig. 4). This
may contribute substantially to the growh of phytoplankton in the
deeper layers, but because light intensity in this region is |ow,
many of the nutrients may not be used as effectively as if they
entered directly into the epilimion (see Chapter 2).

Further work is planned on quantifying the spatial and
tenporal variation in nutrient loading resulting from the plunging
i nfl ows. The results from the dye-tracing SCUBA dive in 1993
verified that the Pettit South Inflow was plunging upon entering
Pettit Lake, depriving the epilimion of the nutrient |oad.
However, since the dye-tracing showed that the depth of plunging
can not be determined solely by tenperature, We are currently
consi dering the use of a reservoir mxing nodel for this purpose.
The mxing nodel considers the geonmetry and tenperature

stratification of the |lakes along with the tenperature, discharge,
and nutrient concentration of the inflows.
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I NTRODUCTI ON

The Snake River Sockeye sal nmon, Oncorhynchus nerka, begin
their anadronous life cycle in central |daho. Now |isted as
endangered, these salnon once returned to five nountain |akes in
the Sawtooth Vall ey. Currently, Redfish |ake is the only one of
the lakes that still has sockeye returning to it. Sockeye spawn in
freshwater, and the juveniles spend at |east one season growing in
the | ake before their mgration. The decline of the Snake River
sockeye is largely attributed to the dans al ong the Col unbi a,
Snake, and Sal non Rivers, but degradation of spawning and rearing
habitats may also contribute.

The work presented here is a continuation of research begun in
the fall of 1991 to assess the |imnological conditions of the five
| akes that historically contained sockeye sal non (Redfish, Al turas,
Pettit, Stanley, and Yellow Belly). Exam ni ng the physical and
bi ol ogi cal characteristics of the |akes over this period wll allow
us to better determ ne which |akes are potentially better rearing
habitats. This research will be useful in devel oping strategies
for releasing juveniles fromthe broodstock programinto the | akes.

Al though the Snake R ver sockeye are endangered, the Sawt ooth
Val | ey | akes contain healthy popul ati ons of kokanee, Oncorhynchus
ner ka. Consequently, hydroacoustic surveys were conducted in
Sept ember 1993 to assess abundance, size, and spatial distributions
of pelagic fish populations. The surveys were designed to conpare
kokanee popul ations among | akes. The data from these surveys wll
hel p assess abundances of pelagic fishes and determ ne depth
di stributions of kokanee, which will assist in the analyses of the
growth potential of sockeye in the |akes.

In 1993 tenperature, oxygen, conductivity, light level, water
chem stry, chlorophyll, phytoplankton, primary production, and
zoopl ankton were neasured in the lakes. [Inter-year fluctuations in

climate could potentially inpact the Iimology and consequently the
sockeye sal non rearing potential of the Sawtooth Valley |lakes. In
this chapter we present |imological and hydroacoustic data
collected in 1993, a conparatively wet year, and conpare these
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results with data collected in 1992 at the end of a prol onged
drought.

METHCDS
In 1993 sampling of the Sawtooth |akes began in March when al
the | akes were still ice covered. Redfish, Alturas, Pettit, and

Stanl ey were sanpl ed biweekly frommd-My until the beginning of
Cctober.  These four |akes were sanpled again in Novenber, and all
but Pettit were sanpled in Decenber. The Decenber sanpling of
Stanley |ake was through the ice. Yellow Belly lake was sanpled in
March, and nonthly June through Septenber.

At each | ake, we sanpled tenperature, oxygen, conductivity,
light intensity, water chenmistry, chlorophyll concentration, and
phyt opl ankt on and zoopl ankt on popul ation at a deep station. During
the summer we collected additional chlorophyll and zoopl ankton
sanples at two nearby stations. During the March, under-ice

sanpling, all data were collected through a hole sawed through 50-
70 cmof ice.

Tenperature, Oxygen, Conductivity and Light

A Hydrolab H20 Mul ti paraneter Water Quality Data Transm tter
was used to take vertical profiles of tenperature, oxygen, and
conductivity. COccasionally, a Yellow Springs Instrument Mdel 58
D ssol ved Oxygen Meter was used to measure oxygen and tenperature.
Seasonal isopleths of tenperature and oxygen as a function of depth
were cal culated using SYGRAPH (W1 ki nson (1990).

Vertical profiles of light extinction were nmeasured using a
Li - Cor Model LI-1000 pataLogger, a deck cell and an underwat er
spherical sensor that neasured photosynthetic active radiation
(400-700 nm PAR). Measurenents were taken at 2 mintervals unti
36 mor the bottom of the | ake. The extinction coefficient was
then cal cul ated as the slope of the regression of 1n (% surface
intensity) against depth (Wetzel 1983). VWater transparency
nmeasurenments were made with a 25-cm bl ack and white Secchi disk
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Water Chemi stry

The | akes were sanpled once through the ice in Mrch.
Starting at ice-out (md-Muy), sanpling occurred at two to four
weeks intervals, depending on the paraneter. The epilimion was
sanpled with a 6 m depth-integrating Tygon tube. Sanples were also
collected fromthe 1% light |evel and 3-5 m above the | ake bottom
with a 4-L Van Dorn bottle. On sone dates, additional depths were
sanpled. The 1% light level is significant because it the nom nal
depth of the bottom of a |ake's photic zone. Sanples collected for
nutrient anal yses were placed in polyethylene bottles which were
first rinsed with 0.1 N HCl and then 3 tines with aliquots of the
actual sanple. Nutrient sanples were stored in an ice cool er and
then frozen upon return to our field |aboratory. Any necessary
filtration occurred prior to freezing.

Sanpl es for di ssol ved i norganic nutri ent anal yses
[nitrate+nitrite nitrogen (NO,-N), anmoni a-nitrogen (NH -N), and
sol ubl e reactive phosphate (SRP)] were filtered through a 0.45-pm
menbrane filter 2-6 hours after collection at our field | aboratory.
Sanpl es were then frozen until analyzed. Unfiltered sanples were
anal yzed for total phosphorus (TP) and total Kjeldahl nitrogen
(TKN). Total nitrogen (TN) was cal culated fromthe sum of TKN and
NO, - N. NO -N, NH -N and SRP provide estimates of inorganic
nutrients readily available for phytopl ankton uptake. TP and TN
provi de estimates of the reserves of these nutrients in the water
col um.

TP and SRP were anal yzed colorimetrically in our lab (Uah
State University Limology Laboratory) using the nol ybdate -
absorbic acid net hod. TP sanples were first digested with a
persul fate digestion. Ni trogen anal yses were conducted by the
Uni versity of California (Davis] Limmology Laboratory using a
Kj el dahl digestion for TKN, the hydrazine nethod for NO, and the
i ndophenol method for NH, . Replicates, spikes, and standard
solutions were used for quality control/quality assurance.
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Chl orophyl I, Phytopl ankton and Primary Production

In nost of the |akes chlorophyll sanples were collected
bi weekly fromthe epilimion at three stations separated by 200-500
m near the deepest part of each lake. At the central index station
addi tional sanples were taken at the 1% Ilight level, and 3-5 m off
the bottom At nonthly intervals, sanples from 4-13 other depths
were collected at the index station. Two 50-m aliquots per sanple
were filtered through 0.45-um cellul ose acetate nmenbrane filters.
Filters were either tenporarily frozen or placed directly into 6-mi
of 100% net hanol for chlorophyll a pignent extraction in the dark
for 24-48 hours. The extracts were then anal yzed before and after
acidification (Holm-Hansen and Ri emann 1978) using a Turner nodel
111 fluoroneter. Corrections were nmade for phaopi gnents. The
fluorometer was calibrated using commercial chlorophyll a standards
whi ch were verified spectrophotonetrically.

Sanmpl es for phytopl ankton enunerati on were collected nonthly
from three depths at the deepest station in each |ake (the

epilimion, 1% light level, and 3-5 m above the bottom.
Addi tional epilimetic sanples were collected at biweekly intervals
from sonme | akes. Sanpl es were preserved using Lugol's iodine

solution. A 100-ml aliquot from each sanple was filtered through
a 0.45 um m xed-ester filter (Millipore HAWP). The filters were
cleared and permanently nounted, according to the nethod of
Crunpton (1987). Cells were counted in a mninumof 10 fields per
slide at 400x; the dinensions of a mninmum of 10 individuals in
each taxa were neasured to cal cul ate bi ovol une (Wetzel and Likens
1991). Phytopl ankton were taxonomcally classified as follows:
Cyanophyta  (blue-green algae), Chl or ophyt a (green al gae),
Chrysophyta (Dinobryon sp.), Bacillariophyta (Diatons), and
D nophyta (Peridinium sp.) .

In situ primary production rates (PPR) of phytoplankton were
measured with the "Ctechnique (Wtzel and Likens 1990). \Water
from each of 8-9 depths was placed into three 25-m (gl ass
scintillation vials, taking care not to expose the plankton to
direct sunlight. Each vial was inoculated with 80 uL of 25 uCi/ml
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of *CHO,. To neasure non-photosynthetic **c uptake, we inocul ated
one vial fromeach depth with 150 puL with Diuron (dichloro-phenyl-
di net hyl urea; DCMU), a photosynthetic inhibitor. The vials were
resuspended in the water colum in clear acrylic plastic tubes hung
froman incubation line. Incubations were nornmally conducted from
1000 to 1400 hrs (Muntain Standard tine). Wthin 2 h of the end
of the incubation the entire contents of each vial was filtered
through 0.45 um cellulose nitrate filters (Mcro Filtration
Systens) and rinsed with 0.1N HC1. They were then air dried, and
subsequently counted by liquid scintillation spectronetry using
Readysafe' cocktail . Production rates were calculated by
subtracting carbon uptake in the DCMJ treatments fromthe |ight
treatments. Dissolved inorganic carbon was estinated from pH, and
alkalinity neasurements determined with the Gan procedure (Wetze
and Li kens 1990). Productivity in the water columm was partitioned
into that occurring in the epilimion and in the |ower strata.
Because stratification was not clearly defined for nmuch of the
sumer, we used a nomnal depth strata of O 7.5 mfor calculating
the production that occurred in the epilimion

Zoopl ankt on

Zoopl ankton were normally collected at three stations on each
date using a Wsconsin style zoopl ankton net (35 cm dianmeter by 80
cmlong with 80 um mesh size) equipped with a nmessenger-operated
closing device. A General Oceanics flow neter nodified to prevent
reverse flow was used to determne net efficiency and vol une
sanpled. In the shallow Stanley and Yell ow Belly | akes, zoopl ankton
were sanpled at three stations and over 2 depth ranges: a 10 mto
surface tow and a bottomto 10 mtow. Tows were nade over three
depth ranges in the deeper Pettit, Alturas, and Redfish Lakes: 10
mto surface; 30 mto 10 m and; bottomto 30 m The net was
rinsed and zooplankton were preserved in 5% sucrose-formalin
sol ution. Revol utions per tow were recorded and densities were
corrected for net efficiency and vol ume sanpl ed.
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The zooplankton taxa identified included five cladocera
(Daphnia rosea, Bosmina longirostris, Holopedium gibberum,
Polyphemus pediculus), one cal anoi d copepod (Epischuira nevadensis)
and at |east two species of cyclopoid copepods. In this report we
refer to each species by genus. Zoopl ankt on were enunerated and
measured in replicated -5 m sub-sanples taken with a Hensen-
Stenpel pipette and placed in a circular counting dish. |ndividua
| engt hs of each species were neasured from each sanpl e and nean
length for each taxa was cal cul at ed. Bi omass was deternined for
each species using the procedures and |inear regression equations
descri bed by MCaul ey (1984) and Koenings et al. (1987).

The diel vertical mgration of crustacean zoopl ankton was
examned in Stanley and Redfish Lakes at the beginning of
Septenber. Depth-stratified collections were nade every 4 h for a
consecutive 24-h period with the zooplankton net described above.
In Stanley Lake we sanpled with 5-m |long zooplankton tows

distributed over the 25-m water colum. | N Redfish Lake 5-mtows
were made between 0 and 20 m and then 10-m strata were sanpled to
the bottom (87 m) . Duplicate tows were nade in each strata. Each

sanpl e was preserved and counted according to nethods descri bed
above.

Hydr oacoustic estimates of Fish Abundance

Hydroacoustic surveys were designed to conpare kokanee
popul ations anong |akes. As 0. nerka are present in the pelagic
regions of |akes at night (Narver 1966; Ri enman and Meyers 1992),
when nost ot her salmonid fishes are resting on the bottom we
conducted our surveys during nighttinme hours. Surveys occurred
during new noon periods in Septenber to avoid problens of assessing
fish density when fish nove closer to the bottom under noon-lit
conditions (Luecke and Wirtsbaugh 1993). Between seven and el even
cross-| ake transects were sanpled on each of four of the |akes
using a Biosonics dual -beam echo sounder. Because acoustic
sanpling of Yellow Belly Lake in 1992 indicated that virtually no
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pel agic targets were present during nighttine hours, it was not
sanpled in 1993.

Pettit, Aturas, Redfish and Stanley Lakes were sanpled 14-18
Septenber 1993.  Surveys began at approximately 22:00 h and ended
bet ween m dni ght and o02:00 h the follow ng norning. Transect s
established in 1992 (Beauchanp et al. 1993) were followed during
the 1993 survey. The nighttine acoustic data were collected with
a Biosonics nodel 105 echosounder equi pped with a 420 Khz dual - beam
(6x15") transducer that allowed us to estimate fish sizes. W
sanpled at a rate of 2 pings per second traveling at a boat speed
of 4-6 mis. The region where fish targets were indistinguishable
fromthe bottom (bottomw ndow) was set at 1.0 m Data were
recorded directly into computer files, as well as being stored on
digital audio tape.

Data were processed by counting echoes using dual - beam
information processed with Biosonics ESP Dual Beam Processor (Mdel
281) and software. Targets within 4" of the center axis of the
sound pul se were exam ned for fish target criteria and used for
density anal ysis. In this report we present echo count data of
fish targets ranging from-59 to -30 db, which represents fish of
approxi mately 30-420 mm (Love 1971). These targets were divided
into three size classes; small fishes (-59 to -51 db, 30-80 mm TL),
medi um si zed fishes (-51 to -43 db, 80-170 nm TL), and |arger
fishes (170-420 mm).  These size classes approximte age-O age-|
and age-2 and ol der kokanee, respectively. The small and medi um
size classes will also contain redside shiners, and the large size
class will contain piscivorous fishes. In addition to reporting
t hese size classes, we converted each target strength to fish total
| ength using Love (1971). Lengt h-frequency distributions are
reported for each | ake. Care should be taken when interpreting
these size distributions in that acoustic target strengths can
easily vary by + 30% for individual fish. Only echoes that net
single-target criteria of the analysis software were used to
cal cul ate densities. This procedure may underestimate fish
densities, but will not likely affect distribution patterns. TO
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calculate total pelagic fish abundance we nmultiplied the
hydr oacousti cs estimates of fish density in individual depth strata
by the water volune in each strata (calculated wth hypsographic
curves; Luecke and Wirtsbaugh 1993).

On 17 Septenber, a daytinme survey was conducted on Redfish
Lake with an Eagle Accura fish finder to estinmate the depth
distribution of fish targets during daylight. Previ ous sanpling
using the Biosonics echosounder indicated that daytime acoustic
surveys sanpled few fish, and those that were sanpled tended to be
in large schools (Beauchanp et al. 1993). In 1993, we used the
Eagl e echosounder with a wi der acoustic beamto sanple a greater
volune of water. During this survey, the depth of each target,
bottom depth, and tine of sanple were recorded. The rel ative
nunber of fish sanpled in different depth strata were cal cul ated
correcting for differences in sanple effort anong strata. No
estimates of absolute fish density were cal cul ated.

RESULTS

Tenperature, Oxygen, Conductivity & Light

Seasonal |ake tenperatures were lower in 1993 than 1992 (Figs.
-2, and Appendix A Figure 1). In 1993 maxi mum surface
tenperatures barely edged above 16°C in early August. I n 1992
t enperatures were above 16°C for over a nonth, and peaked at over
18°C.  In 1993 the | akes began to thermally stratify in md-My but
in contrast to 1992, a distinctive epilimion did not devel op until
m d- August . The final depth of the thernocline was simlar to
1992: either between 8-20 m (Redfish, Alturas, and Pettit) or 8-15
m (Stanl ey and Yellow Belly).

Di ssol ved oxygen levels in 1993 were conparable to those in
1992 (Fig. 1, Fig. 2, and Appendix A Fig. 1). Surface oxygen
| evel s averaged between 7 mg/L and 10 mg/L in all |akes. However
oxygen |l evels at depth varied between | akes. Oxygen levels in
Redfish rarely dropped bel ow 5 mg/L (the oxygen concentration bel ow
whi ch sal noni ds show behavi oral avoi dance), even at the bottom In
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TEMPERATURE (C) AND OXYGEN (MG/L)
0 ﬁ_ %o 15 20

| |
0 - <.
15’ /’r///Ja)
S so0- : Redfish Temperature
T = Oxygen
L 45 Y9
o : .
w 60" : —*— Conductivity
(=) : .
75" v
90 1 1 1 |
15 25 35 45 55
CONDUCTIVITY (uS)
0 5 10 15 20 0 5 10 15 20
1 1 . | | 1 1
0 0
107 b) 107 s ¢)
Alturas Pettit
207 207
307 307
407 407 .
50 T T T 1 50 T T g 1
15 25 35 45 55 15 25 35 45 55
0 5 10 15 20 0 5 10 15 20
1 L . | __] R 1 1 ]
0 0
57 57
107 107
157 157
d) e)
20 Stanley 207 Yellow Belly
25 — T T 1 25T ¥ T '
15 25 35 45 55 15 25 35 45 55

Figure 2. Tenperature, ox%gen, and conductivity profiles for
the Sawtooth Valley Lakes during mdsummer (5-9 August 1993)
in: a) Redfish, b) Alturas, «c) Pettit, d) Stanley, and e)
Yel | ow Belly Lakes



Alturas, Stanley, and Yellow Belly the oxygen was often below s
mg/L close to the bottom Pettit had oxygen levels bel ow 5 mg/L as
shallow as 29 m and very | ow oxygen |evels (<3 mg/L) 10-15 m of f
the bottom These | ow oxygen |evels were nmaintained-in the | akes
for nost of the year.

A nmetalimetic peak in oxygen was present in all five |akes
during at least part of the sumer stratification (Fig. 1).
Redfish and Pettit Lakes had the highest netalimetic oxygen |evels
(10.0 and 10.2 mg/L, respectively). The oxygen bul ges lasted from
md-July until md-Cctober. The oxygen peak in Stanley was bel ow
9 mg/L, and was not well| devel oped. In all of the |akes the
metal i metic oxygen nmaxima started near the top of the thernocline,
and descended as the summer progressed to a nmaxi mum depth of 18 m
I N Redfish Lake.

Conductivities varied anmong the |lakes (Pigs. 2 a-e). Aturas
and Stanley Lakes had conductivities from40 us to 50 uS. Redfish
and Yellow Belly had conductivities ranging from 20 usS to 30 us.
In these | akes, conductivity remained constant for nost of the
wat er columm before it increased within 1-5s mof the bottom In
Pettit Lake conductivities were between 20 and 25 uS in the top 35
m of the water columm, but increased to nearly 50 uS below this
depth. Conductivities increased dranmatically as far as 10-15 m of f
the bottom

Tenperature profiles neasured under the ice in March of 1993
indicated that Pettit, Stanley and Yell ow Lakes were neromctic
(salt-stratified) below, 35 m 20 m and 17 m respectively.
Tenperatures in the deep waters of these |akes were above 3.96°C
(the maximum density of fresh water), indicating these |ayers nust
contain dissolved salts that would increase the overall density.
Oxygen levels were < 4 mg/L in these deep waters (Fig. 2a).
Temperature, oxygen and conductivity profiles measured in May and
June indicated that Stanley Lake had mxed to the bottom but that
Pettit and Yellow Belly Lakes did not turn over.

Al though the Sawtooth Basin |akes were generally very clear,
there was a strong seasonal pattern in water transparency. \Water
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transparency was |lowest in the spring and increased through the
summer and then decreased in the fall. The depth of the
conpensation point (1% of surface intensity) gradually deepened
over the summer (Fig. 3). The conpensation point reached 26 and 32
min Pettit and Redfish Lakes, respectively. In Alturas Lake
conpensation depths were between 17 and 22 m while in Stanley and
Yel | ow Bel |y Lakes the photic zone usually extended to between 12
and 17 m  The depth of the conpensation point was usually 1.5 -
2.5 times the Secchi depth. The 1% |ight extinction plane was
related to Secchi depth (m) by the foll ow ng equation:

1% light extinction = 0.92*(Secchi Depth) + 8.5 R? = 0.61; n=28

This equation was different than in 1992, when Secchi depths
predicted a deeper 1% light intensity.

Secchi depths varied in a simlar pattern to the conpensation
depth (Fig. 4). Stanl ey Lake had the | owest water transparency,
wi th Secchi depths ranging from3 min My to 10 min Septenber.
In the clearest waters, Pettit and Redfish Lakes, transparencies

ranged fromnear 9 min June to near 20 min the fall. In 1993
Secchi depths were shallower than in 1992 during early summrer, but
deeper in the fall. Mean summer Secchi depths were shallower in

1993 than in 1992 (Table 1).

Nutrients

In 1993 TP and TN concentrations at spring overturn ranged
from 9-16 and 63-167 ug/L, respectively (Table 2). These | evel s
were higher than in 1992, except for TN in Redfish Lake, which was
simlar in the two years. Mean seasonal TP and TN concentrations
in 1993 ranged from5.9-8.3 and 51-110 ug/L, respectively. TN TP
ratios of the five | akes were | owest in Redfish Lake in both 1992
and 1993.

Mean seasonal concentrations of dissolved nutrients were | ow
in both years, wth mean sol ubl e reactive phosphorus (srp) and
nitrate+tnitrite nitrogen (NO-N) for the |akes ranging from1.0-2.3
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and 2.1-9.4 ug/L, respectively (Table 2; Appendix 1). NH -N was
al so low, ranging between 2.6-3.2 for Redfish, Alturas, and Pettit
Lakes.

Chl orophyl |, Phytopl ankton and Primary Production

Chl orophyll a concentrations were 35-75% higher in the
Sawt ooth Valley Lakes in 1993 than in 1992. In 1993, nean summer
epilimetic chlorophyll a levels in the five |akes ranged from
0.54-1.05 ug/L, conpared to 0.40-0.60 ug/L in 1992 (Table 1).
According to nmean epilimetic chlorophyll Ievels, the |akes ranked

from highest to lowest in the sane order in 1993 as in 1992:
Stanley, Alturas, Yellow Belly, Redfish, and Pettit.

Spring overturn chlorophyll a levels were slightly higher in
1993, ranging from 0.85-2.85 ug/L, conpared to 0.80-2.38 ug/L in
1992 (Fig. 5). The seasonal progression of epilimmetic chlorophyll
a was simlar in 1993 to 1992: the highest values for the ice-free
season occurred just after spring overturn in My, followed by a
gradual decline to a sumer mninum (between late July and early
August), after which levels increased (Fig. 5). However, in 1993,
the summer |ows occurred an average of 10 d later for each |ake.

Each lake had its highest <chlorophyll a levels in the
hypol i mion, near and frequently below the 1% light |evel. The
deep chlorophyll layer (DCL) of the |akes deepened and becane
thicker as the growing season progressed (Fig. 6, Appendix A
Fi gures 2-5). The nmean value of the DCL peak during the grow ng
season for each |ake ranged from 2.40 to 6.57 ug/L - 130-940%
greater than the mean epilimetic chlorophyll a concentration
(Table 3). The | akes with the highest epilimetic chlorophyll a
concentrations, Stanley (1.05 ug/L) and Alturas (0.76 ug/L), had
the lowest nmean DCL peaks, 2.40 and 2.70 wug/L respectively.
Conversely, the lakes with the |owest epilimetic chlorophyll a
concentrations, Pettit (0.54 ug/L), Yellow Belly (0.61 ug/L ), and
Redfish (0.63 ug/L), had the highest nean DCL peaks of 3.31, 6.57,
and 3.09 ug/L respectively. The DCL persisted late into the
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growi ng season, eroding as the epilimion deepened and each | ake
approached fall overturn.

The taxa of phytopl ankton observed in the Saw ooth Vall ey
Lakes in 1993 are listed in Table 4. Mean equi val ent spheri cal
di anmeters of the taxa |listed range from4.0-21.7 um, considered to
be a size fraction grazable by zooplankton. However, sone of the
diatons occurred in chains or colonies (e.g. Melosira, Tabellaria,
and Asterionella). |In Alturas, Pettit, Stanley, and Yellow Belly
Lakes, Chl orophyta species dom nated the biovolunme for nost of the
sanpling period (Figs. 7-11). Chlorella sp., Qocystis sp., and
smal | er Chl orococcal es spp. conprised nost of this; Chlamydomonas
sp. and the Desm di aceae spp. contributed nminor anounts. In
Redfish Lake, diatons, Dinobryon sp. and Peridinium Sp. nade up a
substantial part of the phytoplankton comunity along wth the
Chl or ophyt a.

Mean epilimetic phytoplankton biovol umes were higher in 1993
than in 1992, except in Yellow Belly Lake (Pig. 12). In Yellow
Bel |y Lake, Chlorophyta biovol unes were higher in 1993 than 1992,
whi | e Dinobryon biovol unes were higher in 1992 than 1993. This was
nost |ikely responsible for the nmean chl orophyll a val ue being
hi gher in 1993 than in 1992, even though total algal biovolunme was
not. Also, note that Peridinium (Dinophyta) were observed in the
| akes in 1993, but not in 1992.

As the grow ng season progressed, greater algal biovolunes
were supported in the deeper waters of the DCL, near the 1%1i ght
| evel (Figs. 7b-11b), than were supported by the epilimmetic
wat ers. In all | akes except Redfish, this deep algal stratum
consisted primarily of Oocystis and Chlorella. |n Redfish Lake,
Dinobryon and the diatons Synedra and Tabellaria made up a
consi derable portion of the biovolume of this stratum

The major diatons in the | akes (Synedra, Cyclotella, Mel 0sira,
and Tabellaria) occurred early in the growing season in the
epilimion. By late July, diatons nainly occurred in sanples from
the 1% 1ight |level or |ake bottom Di nobryon were also |ess
numerous later in the growi ng season and did not persist as long as
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Figure 9. Seasonal changes in the biovolunme of different
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the diatonms did in the deeper waters. D atons were nearly absent
from Yellow Belly Lake; however, Dinobryon were abundant in the
deeper waters. In contrast to Dinobyron, Peridinium, when present,
bl ooned in the second half of the grow ng season (md-July through
Cct ober).  Cyanophyta were not abundant in any of the |akes.

Rates of primary production in the Saw ooth Basin | akes were
very low. Integrated water column productivity ranged from6 to 22
nmg C m2 h* on the nine occasions it was neasured:

Lake n Mean Carbon Fixation Range Mean % in
(mg C m™® h'') Epi | i mi on
Redfish Lake 4 16 6- 22 29%
Pettit Lake 3 13 9-16 35%
Al turas 1 27 30%
St anl ey 1 13 62%

On nost sanpling dates, only a small proportion of the prinmary
production occurred in the epilimions of the |akes (Figs. 13-14,

Appendi x 2). | n Redfish Lake prinmary production was usually
maxi mal near the top of the thernocline at depths of 5-10 m (Fig.
13).  In June the productivity curve was low and irregular, while

in July there was a classical curve with |owered productivity at
the surface (photoinhibition), a peak near 10 m and then a gradual

decline with depth. Productivity in June was neasurable to 31 m

consi derably below the 1% 1ight-1level depth of 22 m(Fig. 13). In
August and Septenber the productivity profiles indicated a
secondary peak in productivity in the deep chlorophyll |ayer near
the top of the hypolimion (22 m) . On these dates, photosynthesis
was neasurable to near 40 m  Secondary peaks in productivity were
also found in Pettit Lake on the three dates when we nade
measurements (Fig. 14). In Alturas and Stanley |akes secondary
production peaks were absent (Fig. 14), but photosynthesis in the
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netalimia and hypolimia still contributed substantially to
overal | water columm productivity.

Zoopl ankt on

Al t hough bi onass, densities, and seasonal successional
patterns varied considerably anong | akes, the same species were
found in all five lakes. The biomasses of zooplankton taxa in the
epilimia (O 10 m) of each |ake during 1992 and 1993 are shown in
Figure 1sa-e. Bot h Redfish and Alturas Lakes had very | ow
zoopl ankt on bi omasses dom nated by Bosm na and Holopedium, With
only a small contribution of Daphnia. In 1992 zoopl ankton bi omass
In Redfish Lake increased rapidly in May and reached peak |evels by
July. In 1993 our under-ice sanple froma single station contained
a large biomass of Bosmina, but by ice-out these had di sappeared.
Zoopl ankt on bi omass in Redfish Lake increased slower in 1993 than

in 1992, reaching peak densities in July. In 1993 crustacean
biomass in Aturas Lake was exceptionally low, remaining |ess than
1 ug/L until late August at which tinme a small peak in the

carni vorous zoopl ankter Polyphenus occurred. Net efficiencies of
zoopl ankt on sanples were simlar anong | akes in 1993, averaging
68% The hi ghest net effeciency was nmeasured in Redfish Lake (nean
of seasonal values 74.6%, SE 5.7) and the lowest in Pettit (nean
60.7%, SE 2.6). Alturas, Stanley and Yellow Belly Lakes were
intermediate at 69.7% (SE 4.21, 69.7% (SE 5.4) and 68.7% (SE 4.1)
respectively. The simlarity of these values indicates that anong
| ake differences in net efficiencies were not responsible for the
variation in zooplankton observed.

Zoopl ankton biomass in Pettit and Yellow Belly epilimion tows
(O 10 m) reached maxi num val ues of 50-100 ug/L in 1993, slightly
| ess than highs (5120 ug/L) in 1992 (Fig. 15 c,d). Both | akes were
dom nated by Daphnia foll owed by Holopedium and Bosmina W th sparse
representati ons of both cyclopoids and Polyphemus. The |ater
spring peak of all zooplankton species observed in Aturas Lake was
al so apparent in Pettit and Yellow Belly Lakes with no zoopl ankton
bi omass increase until early June in 1993.
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Stanl ey Lake showed a simlar pattern to the other four |akes
wth a late zoopl ankton peak in md-June and overall |ess bionass
in 1993 than in 1992 (Fig. 15 e). Stanley was dom nated by Daphnia
and Epischura in both years, but the third nost prom nent species
shifted from Hol opediumin 1992 to Bosmna in 1993. St anl ey,
Pettit, and Yellow Belly Lakes exhi bited the hi ghest and nost
consi stent biomass of |arge cladoceran zoopl ankton |ikely preferred
by zoopl anktivorous fish.

Crust acean zoopl ankton bi omass differed by 10 to SO fold anong
the different Sawtooth [akes (Fig. 16a). In both years the highest
total crustacean bionmasses were observed in Yellow Belly and Pettit
Lakes, followed by Stanley Lake. The | owest total zoopl ankton
bi omass was observed in Redfish and Alturas |akes in both years
with Alturas Lake exhibiting alnost no crustacean biomass in 1993.
The nost pronounced inter-annual difference between 1992 and 1993
was a pattern of generally less total zoopl ankton biomass in 1993
and a later spring bloom for nost species in Pettit, Yellow Belly,
and Stanley Lakes in 1993.

In contrast to total biomass, total zooplankton density (#/L)
revealed a pattern of higher densities in 1993 than in 1992
especially in Pettit Lake (Fig. 1éb). Alturas showed simlar
reductions in total densities throughout the summer in 1993 as was
observed in biomass estimates. Bot h Redfish and Stanl ey Lakes
denonstrated a spring peak of high densities in |ate March and
early April, but this peak in density was not reflected in the
bi onass estimates in Stanley suggesting high nunbers of very snall
zoopl ankt on.

Daytine depth distributions of crustacean zoopl ankton vari ed
anong the lakes (Fig. 17). | n Redfish, Alturas and Yellow Belly
Lakes zoopl ankton bionass was greatest in the O-10 m depth strata.
In these |akes the seasonal bionass patterns presented for
epilimetic sanples provides a good representation of overall
zoopl ankt on abundance and inter-annual variability (rig.16). In
Pettit and Stanley Lakes, however, much of the zoopl ankton bionmass
was present during the day at depths below the thernocline. In
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t hese | akes crustacean bi omass shoul d be integrated through the
wat er colum to provide an estimate of zoopl ankton food resources
avail able for planktivorous fish (Fig. 17).

Daphnia exhibited a pattern of diel vertical mgration in
Stanl ey Lake (Fig. 18a). Daphnia were present in high nunbers in
the top 5 mduring the night (0000 h) and just off the bottom
during the day (1200 h). Daphni a appeared to be distributed
sonewhat evenly throughout the water collumat both 1600 h and 0400
h, but were observed in highest nunbers in the mddle of the water
collum at 2000 h and 0800 h.

Epi schura were present at high densities near the surface for
most periods (Fig. 18a). Bosmina and Hol opedium showed little
vertical nmovenment and were observed in relatively simlar densities
in different depth strata throughout the day and night.

Exami nation of the depth strata containing the highest
concentrations of each species at each sanpling period indicated
t hat Daphnia m grated extensively from near 20 m deep at noon to
approximately 5 mat m dnight. The pattern of novenent for the
other species was |ess apparent (Bosmina) or non-existent
(Hol opedi um and Epischuira) (Fig. 19a).

Crustacean zoopl ankton showed little diel vertical magration
in Redfish over the 24 h period sanpled (Fig. 18b). Holopediutn
were | ocated in highest concentrations in the top 20 mof the water
colum, showing a slight upward migration at night. Bosmina were
distributed al nost evenly fromthe surface down to 45-50 m and did
not mgrate. The few Daphnia present were observed primarily in
the top 15 m Simlarly, the few cyclopoids present were found
just off the bottom from 1200 h to 1600 h. The nodes of zoopl ankton
density in different depth strata indicate that Hol opedi um noved

fromthe nmetalimion during the day to the epilimmion at night
(Fig. 19b).

Hydroacoustic estimates of Fish Abundance

Density estimates of fish varied considerable anong the |akes
during the Septenber 1993 sanpling peri od. When expressed as
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nunber of fish per water volume, Stanley and Pettit |akes contained
the highest density (>4 fish 1000 m™), followed by Alturas (1.9
fish 1000 m?) and Redfish (0.4 fish 1000 m™?) (Fig. 20, Appendix 3).
Wien expressed as nunber of fish per hectare, Pettit had the
hi ghest densities, Redfish had | owest densities, and Stanley and
Alturas were intermediate (Fig 20). These density estinmates were
simlar to those of the 1992 surveys for Redfish, Pettit and
Stanley lakes. The 1993 Alturas densities were approximtely 60%
greater than values reported for 1992 (Beauchanp et al. 1993).

Depth-stratified estimates of fish abundance al so varied
consi derably anong the |lakes (Fig. 21). I n Redfish and Al turas
Lakes, highest fish densities were present in nmetalimetic depth
strata for all three size classes of fish. Fish densities were
hi gh between 10-20 min Redfish and between 15-40 min Alturas
Lake. In Stanley and Pettit Lakes small and medi um sized fish were
most abundant in the OG5 mstrata, whereas larger fish were nost
abundant in deeper water

Density of small fish in epilimetic waters was particularly

variable anong the lakes (Fig. 21). In Pettit and Stanley | akes
t he abundance and spatial variation of small epilimetic targets
was great. Mean val ues of greater than 10 fish per 1000 m® were

present in the O5 mdepth strata of both |akes. The coefficient
of variation for these sanples was al so high, exceeding 70%  for
bot h | akes. | n Redfish, and particularly Aturas, the density of
small epilimetic targets was reduced. The coefficient of
variation remai ned high in Redfish, but fell to I ess than 40%in
Al turas.

The high variation associated with these small, epilimetic
targets resulted from two sources. First, the volune of water
sanpled in the OG5 mdepth strata was small due to the conica
shape of the transmtted beam of sound. The inclusion of a few
targets in this depth strata results in high density estimates in
sone transects and val ues of zero in other transects. This is
particularly true for the Redfish survey where five of eleven
transects indicated no small targets in the O5 mstrata. In
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Pettit and Stanley |akes, however, all transects included sone
targets.

A spatial pattern in densities of small targets in the OG5 m
strata was evident in Pettit, Stanley and to sone extent Redfish
surveys (Fig. 22). Densities of these snmall targets was generally
greatest in transects at the beginning and end of the surveys. In
Pettit Lake very high densities of small fish in the O5 mstrata
were recorded on transects 1, 7 and 10. These sane transects
contai ned high epilimetic fish densities during the 1992 survey
(Beauchanp et al. 1993).

Results fromtrawl surveys conducted in 1992 indicated that
nost of these small epilimetic targets were redside shiners
(Beauchanp et al. 1993). During field sampling in 1993 nmany of
these fish were observed in Stanley and Pettit Lakes, and were
captured and released from seine hauls in June. In order to
approxi mat e abundances of kokanee in the 1993 survey and to conpare
the 1993 results with surveys conducted in 1991 and 1992, we
partitioned acoustic targets fromthe 1993 survey into species
based on the depth-stratified catch in md-water trawls in 1992
(Beauchanp et al. 1993).

Si ze-frequency distributions of fish targets from the
Sept enber 1993 acoustic survey varied anong | akes. Al t hough a
dom nant node ocurred in all lakes in the 4-6 cmlength class, the
frequency of smaller and |larger targets varied considerably (Fig.
21b) . In Pettit and Stanley Lakes, a large proportion of the
acoustic targets were present in the 2-4 cmlength class. These
targets were likely the small cyprinids present in 1992 traw
catches and 1993 snorkl e observations (D. Teuscher, personal
observations). I n Redfish and Stanley Lakes, a relatively high
frequency of targets was present in the largest size class (>30cm).
These targets were |ikely piscivorous-sized sal nonids or cyprinids.

Partitioning the acoustic targets into species produces a
pattern of kokanee abundance that differs from measurenents of
total fish abundance (Fig. 23). Kokanee density was greatest in
Stanley and Alturas |akes when density was expressed either in
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volunetric or areal terns. Kokanee density was |lowest in Pettit
Lake where only 0.5 fish/1000 m* were present.

Conparison of results fromacoustic surveys conducted in the
| akes from 1991-1993 indicated that kokanee abundance has been
relatively constant in Pettit and Stanley |akes, but nmuch nore
variable in Redfish and Alturas |akes (Fig. 24). Kokanee abundance
I N Redfish | ake increased from 90,000 fish in 1991 to al nost
200,000 fish in 1992 and 1993. Kokanee abundance in Alturas Lake
declined approxinmately 60% from 1991 to 1992 and then rebounded to
al nost 1991 levels in 1993. Changes in the density of small fish
targets were responsible for the increased abundance of kokanee in
Redfish Lake in 1992. | ncreases in the abundance of small and
medium targets were responsible for the larger estimte of kokanee
in Alturas Lake in 1993.

The daytime survey of Redfish Lake indicated that nost targets
were present in the 0-10 mdepth strata (Fig. 25). Rel ative
abundance of targets declined wth depth, such that very few
targets were present below 30 m Sone of the targets in the 0-10
m strata could have been rainbow trout stocked in 1992. If so,
t hese targets would not have been present during the nighttine
survey in that rainbow trout usually remain on the bottom at night
where they are not sanpled with acoustic nethods (Luecke et al.,
submtted; R Tabor and W Wirtsbaugh, unpublished data). The
noder at e abundance of targets observed in the 10-20 mstrata, and
the lack of targets present below 30 mindicates that kokanee were
likely remaining in the netalimion during daytime hours. Thi s
strata was where highest fish densities were present at night.
Results from our daytine survey suggest that kokanee were not
maki ng extensive diel vertical mgrations in the Redfish Lake
during the late-summer of 1993. These conclusions are simlar to
those drawn from the 1992 survey (Beauchanp et al. 1993).

DI SCUSSI ON
Inter-year fluctuations climtic and |imological conditions
appeared to have a large effect on the Sawtooth Valley Lakes. 1993
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was a nmuch cooler and wetter year than 1992. Wiile these
differences did not effect the relative rankings of productivity

bet ween | akes, the increased run-off and/or cooler water
tenperatures led to a larger, but later spring algal bloom Mean
summer chlorophyll levels and/or algal biovolunmes were higher in

all lakes in 1993 than in 1992.

Chl orophyl | concentrations in the |akes appear to be closely
related to nutrient loading to each system (Fig. 26). Pettit and
Redfish |akes had the |owest areal |oadings of nitrogen and
phosphorus (Chapter 1), and they also had the |owest |evels of
chlorophyll, and the lowest levels on TN and TP (Chapter 2).
Stanl ey Lake, with relatively high |oading, had the highest |evels
of chl orophyl .

The effects of the weather and primary productivity dynam cs
on zoopl ankton are threefold. First, the cool tenperatures and the
| ater spring algal bloomin 1993 may be the cause for a zoopl ankton
peak that was del ayed conpared to 1992. Second, the shortening of
the zooplankton growing season may have resulted in the |ower
overal | zoopl ankton biomass in the Samooth Valley Lakes. Finally,
t hese dynam cs may have effected species conposition in the |akes.
H gher densities of the small bodied Bosmna in 1993 nmay be due to
their capability of quick reproduction during the truncated sumer
of 1993. Finally, in Stanley Lake, higher densities of Bosm na nmay
have led to an increase in the population of the predacious
cal anoi d Epischura.

The differing response of fish abundance in Redfish and
Al turas Lakes between 1992 and 1993 acoustic surveys suggests that
no general pattern of fish recruitnent and volune of stream infl ow
wat er operates in these |akes. 1992 was the |ast year of a seven-
year drought. A return to average snowfall in 1993 caused stream
inflows to increase two to three-fold. In Alturas Lake abundance
estimates of small fish increased by 50% whereas no such increase
was observed in Redfish densities. Qur uncertainty about the
origin of small fish in Alturas may nmake this conparison noot. In
Redfish alnost all kokanee spawning occurs in Fishhook Creek
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(Spalding 1993). In 1993 al nbst no recruitnent of kokanee was
attributed to the inflow streamto A turas Lake. It is not clear
where the snmall fish targets present in the Alturas survey derive,
but the acoustic evidence suggests that shore spawning by Al turas
kokanee may be substantial. Alternatively, these snmall fish
targets present in the 15-40 m depth strata could be a different
species altogether. Results of 1993 trawling surveys may shed somne
light on this possibility.

The high densities of small fish targets in the epilimia of
Pettit and Stanley Lakes were |ikely redside shiners. Although
these fish would |ikely consune zoopl ankton, their ommivorous
feeding habits and propensity to remain in littoral regions make it
unlikely that these fish would conpete intensively with juvenile
sockeye salnmon for zoopl ankton food resources. Kokanee, on the
other hand, would likely conpete strongly with juvenile sockeye
owing to their simlar planktivorous feeding habits. Results from
1992 and 1993 acoustic surveys and zoopl ankton biomass patterns
suggest that juvenile sockeye salnon would experience |ess
conpetition fromkokanee in Pettit Lake than in Stanley, Alturas or
Redfish Lakes.

The pattern of fish abundance |ikely has influenced species
conposition, size structure, vertical distribution, and density of
zoopl ankt on anong the | akes. The hi ghly pl anktivorous feeding
ability of kokanee suggests that |akes with high areal densities of
kokanee shoul d have | ower densities of snall-bodied zoopl ankton.
This appears to be the case for Alturas Lake, where the highest
pel agic fish densities and | owest crustacean zoopl ankton bi onass
were present. The decline of zooplankton biomass from 1992 to 1993
may have resulted fromincreased densities of fish (Fig. 21). This
suggestion also appears to hold in Pettit Lake where the | owest
densities of kokanee were present wth high abundances of large-
bodi ed cladocerans. This pattern does not appear to hold, however
in Stanley Lake where relatively high kokanee densities (400 ha™)
were present with |arge-bodied cladocerans. The diel verti cal
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mgration exhibited by Daphnia in Stanley Lake may allow this taxa
to thrive in the presence of |arge nunbers of kokanee.

Diel vertical mgration shown by Daphnia in Stanley Lake
appeared to follow a pattern of mgrating down in the water colum
in the nmorning and then back up again in the evening. | redfish
Lake Daphnia remained in the netalimion throughout the day where
al gal food resources were sufficient and tenperatures were suitable
for egg production (Stich and Lampert 1981). The |lack of any clear
pattern of mgration in Redfish Lake in contrast to Stanley Lake
may reflect the varying degrees of predation pressure anong the two
| akes (Clark and Levy 1988, Stich and Lampert 1981, Gabriel and

Thomas 1988). The estinmated abundance of O.nerka in 1993 in
Stanl ey Lake was around 400 fish ha* versus about 300 fish ha*in
Redfish Lake. In addition, Redfish Lake zoopl ankton may not

magrate as strongly as in Stanley because deep |ight penetration
(1% 1light levels >35 m) would require long mgrations to escape
potential predation by O.nerka, whereas refuge in the nore
productive Stanley could be as shallow as 10 m (Levy 1987, dark
and Levy 1988). Alternatively, the larger algal populations in
Stanley conpared to other |akes may have allowed Daphnia
reproduction to exceed |osses due to planktivorous fish

The Sawtooth Valley Lakes are highly oligotrophic |akes wth
chlorophyll levels less than 1 ng m® for nost of the year.
Measurements of algal photosynthesis also indicated that the |akes
are unproductive. They also had the |owest chlorophyll a levels
when conpared to eight other 0. nerka |akes in Idaho investigated
by Rieman and Myers (1992). However, ascertaining productivity of
these |l akes is sonewhat conplicated by the role of the deep
chl orophyl| |ayer (bpcL).

Qur work in 1993 gives sone insight into the conposition of
the DCL and its significance to overall primary productivity of the
Sawt ooth Vall ey Lakes. Two- to nore than ten-fold increases in
chl orophyll a occurred between the epilimion and the DCL. But
using only chlorophyll a to exam ne phytopl ankton standing crop
does not fully describe the algal comunity because al gae wll
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often increase pignent production under lowlight conditions
(Steemann Ni el sen and Jorgensen 1968). This seens to be the case
in the Sawtooth Valley Lakes, where the chlorophyll:algal bi ovol une
ratio was greater at the 1% light level than in the epilimion
(Fig. 27). The higher biovolunme and chl orophyll levels in the DCL
may contribute to the substantial primary productivity neasured in
the nmetalimia and hypolimia of nost of the | akes (Figs. 13 and

14). The extrenely clear epilimia of nost of the |akes permts
adequate light to penetrate to considerable depth, thus allow ng
phyt opl ankton to grow. In all of the |akes except Stanley, over

50% of the primary production occurs below the epilimia in the
DCL.

Deep chlorophyl|l layers in |akes have varying characteristics
whi ch suggest nultiple processes contributing to their formation
and mai nt enance. In mictic |akes, the DCL generally fornms and

progresses along with summer thermal stratification (Shortreed and
St ockner 1990). DCL can be controlled by light attenuation in the
wat er columm - several researchers have found the DCMto occur at
or near the 1% Ilight level (Fee 1976, R chardson et al. 1984). The
DCL may al so be controlled by differential sinking rates of algal
cells and/or better nutrient clinate at depth (Fee 1976, Shortreed
and Stockner 1990, Gasol et al. 1992). The possibility of top-down
trophic control contributing to the DCL may be particularly
applicable in 0. nerka |akes because juvenile 0. nerka do not
utilize the epilimion for nmuch of the grow ng season due to
tenperature limtations. [Instead, they prey on zooplankton in the
meta- and hypolimion (LeBrausser et al. 1976, Shortreed and
St ockner 1990) .

Wiile all of these factors seem applicable to the DCLs of the
Sawt oot h Val | ey Lakes, an additional reason may be the plunging
inflows of these |akes (Chapter 1). Colder, thus denser, inflows
are delivering nutrients to the nmetalimion and hypolimion of
these |akes, contributing to the ultra-oligotrophic status of the
epilimion and the formation of the DCL
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points for sanples collected fromthe epilimmnion, and for samples
collected at the 1% light |evel.



Lake fertilization woul d decrease the amount of |ight reaching
t he DCL. Much of the DCL occurs around the conmpensation point.
Bel ow this point, netabolic costs exceed gains from photosynthesis
(the actual conpensation point varies for individual taxa of
phyt opl ankton, but the 1% light level is nomnally given as the
bottom of the photic zone). Shading fromfertilization wuld
decrease the depth of the 1% Ilight | evel and the width of the
photic zone. This could affect the distribution of |ake primary
productivity. I n shading experinments conducted for two weeks
during August of 1993 in the DCL of Redfish and Pettit Lakes,
chlorophyll a levels decreased by 9-24% in shaded 10-L nesocosns
when conpared to control mesocosns'. Thus, gains in primary
productivity fromlake fertilization need to carefully be eval uated
agai nst productivity decreases in the DCL

_ "Results of the shading experinments and the plunging inflows
will be reported in a Master's thesis of H Goss, to be conpleted
in the sunmer of 1994.
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Table 1. Mean summer Secchi depths and chlorophyll a levels
for the Sawtooth Lakes in 1992 and 1993.

Mean Summer Secchi Mean Summer Epilimetic
Depth (m) Chl orophyl | a
Concentration (ug/L)
Lake 1992 1993 1992 1993
Redfish 13.5 11.9 .42 0.61
Al turas 14.0 10. 4 .50 0.76
Pettit 15. 57 13.2 .40 0.54
St anl ey 8.7 7.3 .60 1.05
Yel | ow Bel |y 13.0 9.2 .44 0.63
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Tabl e 2.

Spring

overturn seasonal

epilimetic nutrient concentrations for the Sawtooth Valle

1992 and 1993.
which is by weight.

Al values are in ug/L,
"1993 neans for Y.

which will

except for TN T
Belly Lake are for June-
be re-tested:

( May- Cct ober)
Lakes,
ratio,

act ual

May- Cct ober Mean

TP SRP NG, -

NH -N Tkn TN TN TP

" May- Cct ober

SRP NO - NH -N TKN

Sept. ®Mean contains one outlier
nean may be | ower.
1992 Spring
Overturn
Lake TP TN
Redfish 6 66
Al turas 10 74
Pettit 9 87
St anl ey 11 102
Y. Belly 9 74
Spring
1993 Overturn
Lake TP TN
Redfish 10 63
Al turas 15 87
Pettit 9 109
St anl ey 16 167

Y. Belly

51 6.1
78 9.94
87 14.7
92 11.5
110 13.4
TN TN TP
65 9.7
95 11.0
76 11.7
94 11.9
79 18. 4




Table 3.  Chlorophyll a levels in the deep chlorophyl| maxina
(DCL) in the Sawtooth Valley Lakes in 1993.

% Increase in
Mean DCL Peak

Mean DCL Peak 1993 DCL Peak Over Mean

i n Chl orophyl | Range Epi li metic
Lake a (ua/L) (June- Cct ober) Chlorophyll
Redfish 3.09 2.21-4.75 407%
Al turas 2.70 2.00-3. 37 255%
Pettit 3.31 2.01-4.54 513%
St anl ey 2.40 1.58-4.49 119%
Yel | ow Bel |y 6. 57 2.64-8.17 943%
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Tabl e 4.

Common phyt opl ankt on genera of the Sawtooth Vall ey

Lakes.
Mean Equi val ent
Taxa Sperical D m
Bact 1 L, ar LOPIYLR) 4 7.6
Cyclotella 9.1
Fragel laria 11.3
Mel osira 8.4
Navi cul a 10. 3
Synedra 8.6
Tabel | ari a 14.9
Chlorgﬁhyta
| orococcal es
chl - anydononas 5.7
Chlorella 10.6
Cocysti s 24.7
uni dentified
Chl orococcal es 4.0
Desni di aceae 16.1
Art hrodesnus
Cosmari uzn
Spondyl osi um
St arastrum
Chrysophyt a
y Dpn)c/)bryon 12.6
Cyanophyt a
Rngbaena 6.1
M crocystis 20.9
Gscillatoria 6.2
D nophyt a 21.7

Peri di ni um
d enodi ni um
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Chapter 3

Ef fects of Nutrient Enhancenent on Pl ankton and the
G owth of Juvenile Sal non in Redfish Lake

by

Phaedra Budy

Chris Luecke
Wayne A. Wirt sbaugh
and

Howard P. G 0ss
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| NTRODUCTI ON

The Snake River strain of sockeye was decl ared endangeredin
1991 in response to the decline in the nunber of anadromous adults
returning to nursery lakes in the Snake River watershed. These
fish historically mgrated over 900 mles fromthe Pacific ocean to
five lakes in the Sawmooth Valley of central |daho (Redfish
Pettit, Alturas, Stanley, and Yellow Belly |akes) which served as
both the spawni ng grounds for the returning adults and as nursery
| akes for juveniles (Bjornn et al. 1968). The decline in the
nunber of adults returning from the ocean has likely led to
decreased productivity of nursery lakes in that fewer deconposing
carcasses added nmarine nutrients to the freshwater |akes (Krohkin
1967, and Donal dson 1967 in Kyle et al. 1993). Because whole-Iake
fertilization has successfully increased sockeye production in
coastal Al askan and British Colunbia Lakes (Kyle et al. 1988;
Stockner 1987, 1992), nutrient enhancenent has been proposed as one
possi bl e managenent strategy for aiding in the recovery of this
endangered popul ation. However, this approach to sockeye
managenment coul d decrease water clarity and thus the aesthetic
value of the lakes to recreationists. The potential conflict in
managenent goal s suggests that for whole lake fertilization to be
i mpl enented, strong evidence that nutrient enhancenent inproves
sockeye growth or survival should be denonstrated and wei ghed
agai nst the expected |oss of water clarity.

W designed and performed a series of fertilization
experiments in large limocorral enclosures in one of the five
| akes (Redfish Lake). The objectives of the experiments were:

(1) to determi ne whether juvenile sockeye growh could be enhanced
through nutrient additions, and: (2) to evaluate the effect of
increased nutrient |oading on water clarity.
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METHODS

Fertilization experiments were perforned in large |imocorra
encl osures. The limocorrals were 5 min dianmeter by 18 m deep and
made of inperneable, fiber-reinforced polthyethlene, floated at the
surface and wei ghted at the bottom Each bag was slowl y dropped
(12 hours) through the water colum with the bottom open so that
the initial conditions were simlar to the |ake. There were two
replicates for each treatnent:

controls with fish

Llcw nutrient additions with fish

NN N

high nutrient additions with fis

The experinment was designed to determ ne whether fish growth could
be enhanced by nutrient additions, and to assess how the anount of
nitrogen and phosphorous added would affect water transparency,
phyt opl ankt on and zoopl ankt on bi onass.

At the start of the experinment, on June 29, nean TP and TN
concentrations in the limocorrals were 5.6 (range of 5.1-5.9) ug/L
and 67 (range of 63-76) ug/L, respectively. In the |ow
fertilization treatnment we increased phosphorus by 75% and nitrogen
by 150% over the experinent (i.e. 4.2 pg-P and 84 ug-N/L were
added). In the "high" nutrient treatnent phosphorus and nitrogen
concentrations were increased by 150% and 250% respectively (8.4
pg-P/L and 168 ug-N/L). Nutrients were added in the form of
(NH,) ,HPO, and NH,NO,, at a 20:1 mass TN: TP ratio. The high TN. TP
ratio was used to reduce the likelihood of stimulating nitrogen-
fixi ng cyanobacteria (Schindler 1977). \Wekly, nutrient solutions
were stirred into each limocorral at the surface. In order to
pronmote rapid initial growth of the plankton community, 40% of the
nutrients were added during the first week of the experinent; the
remai ning 60% was added in equal parts over the follow ng 9 weeks.

In lieu of endangered sockeye sal non, we used kokanee sal non
(0. nerka) in our experinments. The juvenile kokanee used in the
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Redfish experinment were caught shortly after they energed fromthe
gravel of Fishhook Creek, an inflowto Redfish Lake. The fish were
tenporarily reared in a hatchery until the experinent was begun
Initial total lengths and wet and dry weights were neasured on a
sub-sanple of fish prior to placing 25 juvenile kokanee in each
corral . Approxi mately half way through the experinment (31 July
1993), 12-14 fish were renoved fromeach enclosure with dip and
lift nets, measured (total I|ength), weighed (wet), and preserved
for stomach analysis. At the end of the experinment, the fish were
anest heti zed by adding approximatly 70 kg of dry ice to each
corral, and they were then renoved with dip nets and SCUBA divers.
Bet ween 80 and 92% of the fish were recovered fromthe individual
corral s. The fish were then neasured (total |ength), weighed
(wet), and punped for stomach contents. Al fish were then frozen
and subsequently dried to constant weight. Dry weights were used
because they provide a nore accurate estimate of changes in tissue
weight if water content of the fish varies during a sanpling
interval (Brett et al. 1969).

The six limocorrals were sanpled weekly or biweekly for
different |imological paraneters. Tenperature, oxygen, and |ight
profiles were sanpled bi-weekly using a YSI and/or Hydrol ab neter
to neasure tenperature and oxygen, and a LiCor radi oneter to
nmeasure |ight. Measurenments were taken every neter fromthe
surface to 17 m or just off the bottomof the limocorral. The
tenperature and oxygen profiles were conpared anong treatnents and
to profiles observed in Redfish Lake.

Secchi disk neasurenments were taken weekly to estimate water
clarity. Repeated neasure ANOVAs were used to anal yze the Secch
readi ngs for statistical significance accounting for tine and
initial differences anong treatnents (WIKkinson 1990).

Water for chlorophyll a analysis was al so coll ected weekly
fromthe epilimion (O-6 m) and fromO to 17 min each linmmocorra

with a depth-integrating Tygon tube. Bi weekly, we collected
addi tional chlorophyll sanples fromthe netalimion and near the
bottom of the limocorral with a 4 L Van Dorn bottle. Initially,
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and at 4 and 8 weeks into the experinent, **C prinmary productivity
measurenents were nmade at 4-5 depths. Addi tional depths were
sanpled for chlorophyll a analysis concurrent wth the ?C
measur enment s.

On three dates (initially, and at 4 and 8 weeks into the
experiment) we saved epilimetic, netalimetic, and near-bottom
water for nutrient analyses. Samples collected for nutrient
anal yses were placed in polyethylene bottles which were first
rinsed with 0.1 N HC1 and then 3 tinmes with aliquots of the actual
sanpl e. Nutrient sanples were stored in an ice cooler and then
frozen upon return to our field laboratory. W collected sanples
for nutrient analyses to neasure the effects of nutrient additions
on total nitrogen (TN) and total phosphorus (TP) concentrations.
TN was cal cul ated fromthe sum of Total Kjeldahl N trogen (TKN) and

nitrate+nitrite nitrogen (No,-N). Unfiltered water was used for
TKN and TP anal yses; sanples analyzed for (NO,-N) were filtered
through 0.45-um nenbrane filters. TP sanples wunderwent a

persul fate digestion and were then analyzed calorinetrically in our
lab (Utah State University Limmol ogy Laboratory) wusing the
nol ybdat e - absorbic acid nethod. N trogen anal yses were conducted
by University of California (Davi s) Li mol ogy Laboratory
calorimetrically using a Kjeldahl digestion for TKN and the
hydrazine nethod for NGO, . Replicates, spikes, and standard
solutions were used for quality control/quality assurance.

On the dates and depths that nutrient sanples were collected,
we al so preserved sanples for phytoplankton enuneration wth
Lugol's iodine solution. A 100-ml aliquot from each phytopl ankton
sanple was filtered through a 0.45-um cellul ose filter. The
filters were cleared and permanently nounted, according to the
met hod of Crunpton (1987). Cells were counted in a mninmum of 10
fields per slide at 400x; the dinmensions of a mninmmof 10
I ndi viduals in each taxa were neasured to cal cul ate bi ovol une
(Wetzel and Likens 1990). Phyt opl ankt on were taxonom cally
classified as follows: Cyanophyta (blue-green algae), Chlorophyta
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(green al gae), Chrysophyta (Dinobryon sp.), Bacillariophyta
(D atonms), and D nophyta (Peridinium sp.)

Chl orophyl | a neasurenents were used as an alternative nmeasure
of phytopl ankton standing crop. Two 50-nl aliquots per sanple were
filtered through o0.45-um cellulose acetate nenbrane filters.
Filters were either tenporarily frozen or placed directly into 6 m
of 100% net hanol for chlorophyll a pignment extraction in the dark
for 24-48 hours. The extracts were then analyzed before and after
acidification (Holm-Hansen and Ri emann 1978) using a Turner nodel
111 fluoroneter. Corrections were made for phaopi gnents. The
fluorometer was calibrated using comrercial chlorophyll a standards
which were verified spectrophotonetrically.

Rates of in situ primary production were neasured with the **cC-
techni que (Wetzel and Likens 1990). Witer sanples from each depth
anal yzed was placed into three 25-m glass scintillation vials,
taking care not to expose the plankton to direct sunlight. Each
vial was inoculated with 80 uL of 25 uCi/ml of *CHO,. ToO neasure
non- phot osynt hetic **C uptake, we inoculated one vial from each
depth with 150 uL with Diuron (dichl oro-phenyl -di net hyl urea; pcmu),
a photosynthetic inhibitor. The vials were resuspended in the
water colum in clear acrylic plastic tubes hung from an incubation
l'ine. | ncubations were nornally conducted from 1000 to 1400 hrs
(Muntain Standard time). Wthin 2 h of the end of the incubation
the entire contents of each vial was filtered through 0.45 um
cellulose nitrate filters (Mcro Filtration Systens) and rinsed
with 0.1N HC1. They were then air dried, and subsequently counted
by liquid scintillation spectrometry using Readysafe' cocktail.
Counting efficiency varied between 91 and 93% in all of the
sanpl es. Production rates were cal cul ated by subtracting carbon
uptake in the DCMJ treatnments fromthe |ight treatnents. Dissolved
i norgani ¢ carbon was estinmated from pH, and al kalinity neasurenents
determined with the Gran procedure (Wtzel and Likens 1990).
Productivity in the water colum was partitioned into that
occurring in the epilimion and in the |ower strata. Because
stratification was not clearly defined for nmuch of the sunmer, we
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used a nomnal depth strata of O7.5 mfor calculating the
production that occurred in the epilimion
To evaluate periphyton accurmulation in the |imocorrals,

we suspended a weighted 17m x 10-cm wide strip of polyethylene
l'imocorral material in the center of each mesocosm  Three tines
during the season (at approximately 4, 8 and 11 weeks into the
experiment), we neasured periphyton accumulation on each strip
Two, 14-mm di ameter disks were bored from each periphyton strip at
depths of 0.5, 5, 10, 13, and 17 m The disks were held in an ice
chest, returned to the field laboratory and extracted into 6-ni
aliquots of 100% net hanol . We then anal yzed the sanples for
chl orophyll a fluorenetrically as described above.

Zoopl ankt on were sanpled from 17-10 mand from 10- O m usi ng
a closing 80-pm nesh net, 35 cmin diameter and 150-cm | ong
equi pped with an anti-reverse General Oceanics flow meter. Sanples
were imedi ately preserved in formalin-sucrose and subsequently
counted and measured. Bi omass was cal cul ated using | ength-nmass
regressions (MCaul ey 1984; Koenings et al. 1987). Densities were
corrected for the volume of water sanpled. d adoceran egg-ratios
were calculated as an estimte of zoopl ankton producti on (Paloheimo
1974). Repeat ed neasure ANOVAs were used to anal yze zoopl ankton
data for statistical significance accounting for tinme and initial
differences anong treatnents (WIkinson 1990).

RESULTS

Tenperature and oxygen profiles in the limocorrals were very
simlar and closely paralleled those observed in the |ake (Figure
1). Oxygen conditions were above 7.5 mg/l throughout al
| i mocorrals for the duration of the experinent and thus were
suitable for fish growth. Surface tenperatures ranged fromi1i.3°C
to 16°C but at the bottomof the limocorral remained below 7.5 °c.

Secchi depth transparency was deepest in control treatments,
second deepest in low nutrient treatnents, and shall owest in high
treatnents (Figure 2), and these differences were statistically
significant (aNova, repeated neasures, df= 24, F= 3.306, p< 0.001).
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In the control treatments Secchi depths ranged from7-15 m whereas
wat er transparency in the low and high nutrient treatments were 4-6
m | ess during July and nost of August.

Mean chlorophyll levels in the Ilow and high nutrient
treatments were greater than the controls in all sanples anal yzed
(Figures 3 and 4). The epilimetic chlorophyll levels in the

control treatnents followed a trend simlar to the |lake during the
experiment, although the limocorral values were slightly higher

(Figure 5). The mean weekly concentrations of chlorophyll in the
0-17m integrated sanples were 0.83, 1.80, and 2.60 ug/L for the
control, low, and high treatnents, respectively. Val ues ranged

from0.57-1.07 ug/L for the controls, 1.22-2.70 ug/L for the |ow
treatments, and 1.26-4.84 pug/L for the high treatnments over the 11-
week experinment (Figure la). The nean O-17 m chlorophyl| |evel for
the high treatnents were greater than that of the low treatnents on
9 of 11 weekly sanplings after nutrient additions began

Chl orophyl | concentrations in the epilimions of the corrals
were |lower than the integrated whole water columm estimates. The
means of the weekly epilimmetic chlorophyll levels were 0.65, 1.94,
and 2.19 ug/L for the control, low, and high treatnents
respectively. These values ranged from 0.36-1-16 ug/L for the
controls, 1.49-3.41 ug/L for the lowtreatnments, and 1.20-4.32 ug/L
for the high treatments (Figure 3 b)y. The nean epilimetic
chl orophyl| values for the |ow treatment exceeded that of the high
treatment on 8 of the 11 weekly sanplings after fertilization
began.

The phytopl ankton comunity structure was simlar in all 3
treatnents at the start of the experinent (Fig. 4, see 29 June
1993), with a mixture of diatoms, chlorophyta, and Dinobryon at al
dept hs. The domi nant di atons were Synedra and Tabellaria spp.,
whil e cyclotella and Melosira spp. were subdomi nant. The dom nant
chl orophyta were Chlorella and smal|l Chlorococcales spp.

After 4 weeks (Fig. 5, see 25 July 1993), the phytopl ankton
community structure in the control treatnents were simlar to that
of 29 June 1993. Mean biovol unes declined by 35%in the epilimia,
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Redfish Lake Limnocorrals 1993
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Redfish Limnocorral CHL a Levels, 1993
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Comparison of Epilimnetic CHL a Levels
Between Redfish Lake and Limnocorrals
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while increasing by -50% in the deeper waters. |n both the LOW and
H GH treatments, the make-up of the comunities was simlar to that
of 29 June 1993, but the mean al gal biovol unes had increased at al
depths (43-340%), wWith the highest biovolunmes achieved in the H CGH
treatment. The greatest increase was in the diatons, by 70-860% in
the LONand 250-1000% in the HGH treatments. |In both treatnents,
Synedra and Tabellaria continued to be the dom nant diatons, while
Di nobryon bi ovol unmes dropped by 45-100% The Chl orophyta generally
increased in the LONand H GH treatnents, wth the greatest
increases in the epilimion of the Lows (260% .

After 8 weeks (Fig. 5, see 22 Aug. 1993), biovol unes declined
from25 July 1993, with the exception of a trenendous bl oom of
Tabellaria in the epilimia of the control treatnments. This bl oom
generated a 380% increase in total epilimetic biovolune of the
control treatnents, reaching absolute biovolumes greater than the
LONor H GH treatnments. However, biovolunmes declined by 60% at 10
m and 18% at 17 min the control treatnents. In all treatnents,
Tabellaria clearly was the dom nant diatom D nobryon and the
Chl orophytes declined in all treatnments, while Peridinium were
observed for the first time during the experinent. Total biovolume
declined in the LOVNtreatnents by 21-79% and in the HGH treatnents
by 61-85%, with the greatest declines in the epilimia. A bl oom of
Anabaena made up 37% of the H GH epilimia biovol une.

Peri phyton chl orophyll on limmocorral walls varied by three
orders of magnitude over the course of the experinent (Figure 7a-f)
and was markedly stinulated by nutrient additions in both the | ow
and high treatnments (Figure 7a). Periphyton was barely detectable
by eye in the control treatments, whereas in the low, and
particularly the high treatnent, 2-5 mm thick aufwich communities

devel oped patchily on the walls of the |imocorrals. These
accunul ations were particularly noticeable in the epilimion, but
periphyton chl orophyll increased at all depths in all treatnents as

the season progressed (Figure 7 a-c).
In order to conpare the total anount of algae stinulated by
the nutrient additions, we estinated the conbi ned anount of

70



CHL a (mg/limnocorral) _ DEPTH (m)

o o Q

100°

F

e 14O uouydied
£6 INF LT
b

e THD uopueidoiyd = - 002
‘ 3
1
)
'
/ -
4
/
/4
/ S’
. Lo°

a TCo d p
S02
2=z3
= s g w”n o
3 ©c 9 A @ S =
3
'——\\E. 2
- 2
> © o
m <
£ R 2
m S r~
5 w s °
W hatuintaied] Sl
3
Q
e °3
- - -t o
~ w o o v o
* T2
N
7
m -
v
S N .
o *o
Figure 7. Periphytoa levels in the Redfish Lake |immocorrals,
1993, as neasured fromperiphyton strip su:ﬁ_ling. Mean peri phyton
density at 5 depths for control, low, and high treatnents (n=2),

expressed as mg/m’ of chl oro?hyll a, for three dates in 1993 (a, b
& c¢). Wuole limocorral chlorophyll a, expressed as mg/corral, in
phytoplankton and peri phyton assenbl ages in each |imocorral for
three dates in 1993 (d,e & £).

€661 ‘S|ediodouwi] ysypay ul s|aaa uoilyduad



Redfish Limnocorral Nutrient Levels, 1993
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Fi gure 8. Depth profiles of total phosphorus (TB) and total

nitrogen (TN) in Redfiah Lake |imocorrala, 1993. Control, low,
and high treatments shown; error barsshow'range  (n-2).



chl orophyll present in the periphyton and phytopl ankton. Tota

chlorophyll levels in the fertilized Iimocorrals always exceeded
those in the controls (Figure 7 d-f). Total chlorophyll levels in
the high treatnents were greater than those of the low treatnents
on two dates (July 27 and Aug 19; Figure 7 d-e). However, on Sept.

12, conbined chlorophyll in the low treatments was slightly greater
than or equal to that of the high treatnments (Figure 7 £) .

As  expected, nutrient additions increased TN and TP
concentrations over initial and control concentrations (Figure 8).
On 25 July, highest nutrient concentrations were in the high
treatments, followed by the |ow and control treatnents (Figure 8c
and d4). However, on 22 August, differences in nutrient |evels
between the high and low treatnents were less clear, as the
variability within treatnments increased (Figure 8 e-f).

The nutrient additions not only stinulated al gal biomass, but
primary production as well. Fertilization particularly increased
epi limetic production (Figure 9a). Five days after the experiment
began (4 July) primary production was exceedingly low in the
control treatnents, but fertilization had significantly increased
production in the epilimia of both the |ow and high treatnents.
Metal i metic production rates, however, were simlar in the
controls and fertilized treatments. Three weeks latter (25 July)
epilimetic production was stinulated even nore by both the |ow and
high fertilizations, and the effects extended into the metalimia.
After four additional weeks (22 August) primary production was

still enhanced by the nutrient additions, but the differences anmong
treatments were |less distinct.
The overall effect of fertilization on phytoplankton

productivity was summarized by integrating production over the
water colum (Figure 9b). This analysis demonstrated that nutrient
additions increased primary production 110-290% in the low
fertilization treatment, and 90-490% in the high fertilization.
The figure also shows that nost of the increased production
occurred in the epilimia of the |imocorrals.
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Zoopl ankt on  biomass showed tenporal trends during the
experiment, but no clear response to nutrient additions was
observed (Figure 10). Total zooplankton bionmass was initially
relatively high and then dropped to extrenely low levels. A slight
i ncrease in zooplankton biomass was observed in md-August after
fish were permanently renoved during the intermediate fish
sampling. Twevle fish were renoved fromlimocorral #1, 13 from
corrals 2 and 3, and 14 fish renoved fromthe renaining corrals.
Each limocorral started with a different initial zoopl ankton
biomass, but all corrals exhibited extrenely low |evels of
zoopl ankt on t hroughout the experiment.

Nutrient addition significantly increased (df= 24, F= 3. 786,

P=.001) egg production of adult fenale Bosnmina in the 10-17 m depth
strata (Figure 11), but no significant treatnment effect was
observed in the O 10 mstrata (p= 0.56). The highest Bosnmina egg
production was observed in the high nutrient treatment and the
lowest in the controls with the |ow treatnent internediate.
Zoopl ankt on speci es conposition throughout the experinent is shown
in Figure 12. Both control |imocorrals (#1, 3) were domi nated by
Bosmina wi th high abundances of Hol opedium for the first nonth of
the experinent. A small peak in both Daphnia and Hol opedi um was
observed in early August corresponding with the internediate fish
sanpling where fish were renoved from each corral. Low densities
of cyclopoids and nauplii were present for the duration of the
experinent.

The | ow nutrient treatnment |imocorrals showed a simlar
pattern to the controls wth the exception of generally higher and
nore consi stent abundances of Daphnia and Hol opedium (Figure 12).
Both high treatnments al so showed a dramatic decline in all species
other than Bosnmina in late July.

No increase in sockeye growth in relation to nutrient
enhancenent was observed (Figure 13).  The nean dry weight of
kokanee at the end of the experinent was highest in the control
treatment and |ower but alnost identical in the low and high
nutrient additions (Figure 14). Fish in all of the Iimocorrals
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increased in mass during the experiment, put there was no

significant effect of nutrient treatnent. Fish growth was,
however, inversely correlated with final fish density (r* = 0.688;
0.10<p<0.05) (Figure 15). Exam nation of zooplankton results

indicates that the corrals wth the lowest fish density had the
hi ghest zoopl ankt on bi omass during the [ast nonth of the experinent
(Figure 10).

DI SCUSSI ON

The stimulation of the phytoplankton comunities in the
Redfish |imocorrals was strongly influenced by the timng of the
nutrient additions. Si xty percent of the nutrients were added
during the first four weeks of the experinent and the TP and TN
concentrations were higher at the 4-week sanpling than at the 8-
week sanpli ng. Thi s suggests that a |l arge portion of the added
nutrients had sedinented out, or had become attached to the walls
of the Ilimocorrals by the second week of sanpl i ng. The
chlorophyll |evels, however, were consistent with the tining of
nutrient additions and the neasured concentrations, being 3-5 tines
hi gher than controls in the fertilized corrals early in the
experinment, and then dropping to approximtely two-tines the
control levels. Primary production in July was al so enhanced nore
by the heavy nutrient additions early in the study, than it was by
the lower additions in August (Figure 9).

The epilimetic chlorophyll levels in the |low treatnents were
simlar to or exceeded those of the high treatnents for the last 7
weeks of the experinent. For the last 2 weeks of the experinent,
the O 17 m chlorophyll levels in the low treatnents also were
simlar to or exceeded that of the high treatnents. This result
may be partially explained by the greater success of periphyton in
the high treatnents, thus sequestering nutrients from the
phyt opl ankt on.

In order to evaluate the taxa-specific results of the nutrient
additions to the limocorrals, we nust determ ne whether the
i ncreased phytopl ankton biovolune is of the size and quality that
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wi Il increase zooplankton growh. Caveats to this sort of analysis
are nmentioned in the discussion of Chapter 4.

The major increases in biovolunes observed in all three
treatnments were caused by the diatons Tabellaria and Synedra,
although it is not clear why the bl oom of Tabellaria was observed
in the control limocorrals on 22 Aug. 1993. As reported in detai
in Chapter 4, these species are of internediate to high food val ue
t o Daphnia spp., but not used by Bosmi na. Cycl opoi ds use the
colonial diatons at high levels (Schindler 1971, Téth and zankai
1985, Knisely and Geller 1986). The Anabaena bl oom observed in the
epilimia of the HCH treatnments could be problematic for Daphnia
(Hein et al. 1993).

The anal ysis of zoopl ankton bi omass through tinme showed no
clear patterns of treatnent response; however, egg production by
adult Bosm na was significantly enhanced by nutrient additions in
the netalimetic (17-10 m) tows. These results indicated that
nutrient additions enhanced phytopl ankton growth and increased
zoopl ankt on egg production, but that the flow of energy to fish was
interrupted. Further, because zoopl ankton exhibited an increase in
both total biomass and | arger cladocerans when sone kokanee were
renoved nidway through the experinent, it appears that the |evel of
fish planktivory was too high to allow zoopl ankt on popul ations to
respond to increased abundance of phytoplankton

Anal ysis of fish growh indicated that differential survival
of juvenile fish in experinental treatments  confounded
interpretation of the nutrient effects on growh. Al so, high
initial fish densities, and the corresponding |evel of planktivory,
may have kept the zooplankton from responding to the increased
al gae. Fish growth was, however, correlated with the fish density
in the different |imocorrals. Kokanee in corrals with |ow
densities of fish remaining at the end of the experinent grew at 2-
3 times the rate of kokanee in corrals with higher fish densities.
Al t hough kokanee in all limmocorrals increased wet and dry mass
over the course of the experiment, the growth of these fish was
likely | ess than kokanee present in the Redfish Lake. The higher
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densities of crustacean zooplankton available to kokanee in net
pens in Redfish Lake grew faster conpared to kokanee in the
limocorrals (Chapter 5). The greater abundance of zooplankton in
Redfish Lake conpared to all of the Iimocorrals suggests that
kokanee in the |l akes would grow at rates faster than those kept in
limocorrals. The inverse relationship between final zooplankton
bi omass and fish density indicated that fish strongly regul ated
zoopl ankt on abundance in the Iimocorrals, and likely had a greater
effect than did the nutrient additions.

In summary, our results suggest that added nutrients could
potentially enhance zoopl ankton bionmass by increasing birth rates,
but in our experinents variation in planktivory anong |imocorrals
overwhel ned the effect of nutrient additions. In the Sawt ooth
Val |l ey Lakes, kokanee salnon would likely compete with juvenile
sockeye as they exhibit a high degrees of overlap in diet and
habitat use. Qur results suggest that a reduction in the abundance
of conpetitors could also be considered as a potential managenent
strategy for increasing growh of stocked sockeye sal non, and could
have a stinulating effect on zooplankton simlar to or even greater
than that expected from a whole |ake fertilization.

The low level of nutrient additions to Redfish Lake
limocorrals significantly increased algal biomass and rates of
primary production, and reduced water clarity. In part, this was
due to the initially large nutrient additions nade. Subsequently,
when the rate of addition was |owered, transparency in the |ow
treatnent was reduced 2-3 m from controls, and renained greater
than 8 m This change would probably not elicit a strong response
fromthe public concerning decreased aesthetic value of the |akes.
The high initial rates of nutrient additions would, however, reduce
water clarity sufficiently so that the change would |ikely be
obvious to the public and perhaps |ess acceptable for aesthetic
reasons.
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Chapter 4

Conpari son of Epilimnetic and Metalimmetic Fertilizations
on the Phytopl ankton and Zoopl ankton of Pettit Lake, |daho

by

Howard P. G oss
Vayne A Wirtsbaugh
Phaedra Budy
and
Chris Luecke
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INTRODUCTION

Qur research on the fertility of the Sawtooth Valley Lakes in
1992 showed that these systenms were highly oligotrophic, and that
al gal production was strongly co-limted by nitrogen and phosphorus
(Goss et al. 1993). The oligotrophic nature of the |akes may be
due, in part, to the |oss of sockeye sal non Oncorhyncus nerka t hat
once returned, died, and released their marine-derived nutrients
into the | akes (Chapter 1). Researchers in other |akes have shown
that decreases in |lake productivity can result from declines in
anadronous sal non popul ations (Koenings and Burkett 1987).
Consequent | y, the Sawtooth Valley Lakes may now be nore
oligotrophic than they were under pristine conditions.

Regardl ess of the magnitude of nutrients brought to the |ake
by returning salnon, it is likely that lake fertilization would
i ncrease overall trophic state of the |akes and increase pl ankton
and fish production, as has been done in many other |akes (Nelson
1958, Hyatt and Stockner 1985; Kyle et al. 1988; Stockner 1987,
1992). Along with increasing prinmary and secondary productivity,
anot her goal of these fertilizations has been to avoid negatively
changing the plankton commnity structure or the |[akes'

oligotrophic status (Kyle et al. In press, Jackson et al. 1990).
The Sawtooth Valley Lakes are in a pristine setting and have
high water clarity; they are prized natural resources. Lake

fertilization could potentially stimulate plantkon, decrease water
clarity, and thus a lake's aesthetic qualities. Consequently, a
fertilization programto help recover the endangered Snake River
sockeye salnon should ideally have a mninmal inpact on water
clarity. Sal non enhancenent projects in A askan and Canadi an
coastal |akes using surface-applied nutrients normally stinulate
phyt opl ankt on production markedly, but water quality renains

characteristic of oligotrophic systens (Shortreed and Stockner
1990) .
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Anot her approach that may produce even |ess effect on surface
water quality is to inject nutrients into the netalimia of the
| akes. LeBrasseur et al. (1978) were able to increase primry
productivity at 10 mdepth with a deep injection of nutrients in
G eat Central Lake, British Colunbia. This is an appealing
strategy for the Sawtooth Vall ey Lakes because it may all ow for
preservation of water clarity and an increase in sockeye production
at the same tine. Consequently, in 1993 we used |arge nmesocosns in
Pettit Lake to test whether epilimetic and metalimetic nutrient
additions have different effects on water transparency and primary
and secondary production.

METHODS

The nutrient addition experinments took place in six |arge
nmesocosns, or limmocorrals, over a ten-week period. Each
l'imocorral was 5 min dianmeter and approxi mately 18 m deep with
tops that floated above the | ake surface. They were constructed
with weighted curtains of | nper meabl e, fiber-reinforced
pol yethyl ene.  The bottons were slowy dropped (12 hours) through
the water colum with the bottom open so that the initial
conditions were simlar to the |ake. Once filled, SCUBA divers
tied the bottons closed. Each of the six limocorrals were
random y assigned one of three treatnents (n=2):

(1) controls

(2) nitrogen (N) and phosphorus (p) added to

the epilimion (EPI)
(3) Nand P injected into the netalimion (14.5 m)
(META) .

At the start of the experinment on 3 July, nmean total P (TP)
and total N (TN) concentrations in the limocorrals were 4.4 (range
of 3.9-5.2) ug/L and 84 (range of 67-95) ug/L, respectively. Over
the course of the summer we added 6 and 120 ug/L, respectively, of
phosphorus and nitrogen to the EPI and META treatnents. Nutrients
wer e added in the formof (NH,),HPO, and NH\NO,, at a 20:1 nass TN:TP
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ratio. This high ratio was used to reduce the |ikelihood of
stimul ati ng cyanophytes (Schindler 1977). Weekly, EPI nutrient
solutions were stirred in at the surface, while META nutrient
solutions were injected at 14smwth cooled netalimetic water
and a hose. Fifty percent of the nutrients were added during the
first week of the experinent; the remaining 50% was added in equal
parts over the following 9 weeks. W would have preferred a nore
even distribution of nutrient additions starting at an_'é"a'-z“—‘}; dat e
than 3 July, but logistical difficulties caused the fertilization
to start nore than two weeks later than planned. 1In an attenpt to
stimul ate zoopl ankton and fish production, we nade the early, |arge
addition of nutrients so that these organisms would have sufficient
time to respond to increased phytoplankton production.

We neasured tenperature, oxygen and water transparency
bi weekly as described in Chapter 4. At weekly intervals we also
collected water for chlorophyll a analysis fromthe epilimion, and
fromO to 17min each limocorral with depth-integrating Tygon
tubes. Biweekly, we collected additional chlorophyll sanples from
the netalimion and near the bottomof the limocorral with a 4-L
Van Dorn bottle. Initially, and at 4 and 8 weeks into the
experiment, *C primary productivity nmeasurenents were nade at 5
depths. Additional depths were sanpled for chlorophyll a analysis
concurrent wth the **c primary productivity measurenents.

On three dates (initially, and at 4 and 8 weeks into the
experiment) we saved epilimetic, nmetalimetic, and near-bottom
water for nutrient analyses. Samples collected for nutrient
anal yses were placed in polyethylene bottles which were first
rinsed with o1N HC1 and then 3 times with aliquots of the actual
sanmpl e. Nutrient sanples were stored in an ice cooler and then
frozen upon return to our field laboratory. Total nitrogen was
calculated fromthe sum of Total Kjeldahl N trogen (TkN) and
nitrate+tnitrite nitrogen (NO -N). Unfiltered water was used for
TKN and TP anal yses; sanples analyzed for nitrate were filtered
through a 0.45-um filter prior to freezing. TP sanples underwent
a persul fate digestion and were then anal yzed colorimetrically in
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our lab (Uah State University Limol ogy Laboratory) using the
nol ybdat e- absobi ¢ acid method. Nitrogen anal yses were conducted by
Uni versity of California at Davi s Li mol ogy Labor at ory
colorimetrically USINg a Kjeldahl digestion for TKN and the

hydrazi ne method for NO, . Replicates, spikes, and standard
solutions were used for quality control/quality assurance.

When nutrient sanples were collected we al so preserved sanpl es
for phytoplankton enuneration with Lugol's iodine solution, 4uq
took water for chlorophyll a analysis. Two 50-m aliquots per
sanple were filtered through 0.45-um cell ul ose acetate nenbrane
filters, extracted into 6 m of 100% nethanol and anal yzed
fluoronetrically using a Turner Mdel 111 fluoroneter (Holm-Hansen
and R emann 1978). Corrections were made for phaopi gnents. The
fluorometer was calibrated using comrercial chlorophyll a standards
which were verified spectrophotonetrically.

A 100-ml aliquot from each phytopl ankton sanple was filtered
through a 0.45 um cellulose filter. Each filter was cleared and
permanently mounted, according to the nethod of Crunpton (1987).
Cells were counted in a mnimmof 10 fields per slide at 400x; the
dirensions of a mninmm of 10 individuals in each taxa were
nmeasured to calculate biovolume (Wetzel and Likens 1991).
Phytopl ankton  were  taxonomically classified as fol | ows:
Cyanobacteria (blue-green algae), Chlorophyta (green al gae),
Chrysophyta (Dinobryon sp.), Bacillariophyta (Diatons), and
D nophyta (Peridinium sp.) .

Primary productivity was neasured at five depths in each
| i mocorral using the ¢ nethod as described in Chapter 3.
Duplicate water sanples were innoculated Wth "CHO and incubated
at their respective depths during mdday for 4-5 h. To neasure
non- phot osynt hetic carbon uptake, DOMJ was added to a single sanple
from each depth and incubated wth the other replicates. The
sanples were filtered, dried and subsequently counted using |iquid
scintillation techniques. Available dissolved inorganic carbon u
estimated by nmeasuring alkalinity (Gran procedure), PpH,
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temperature, and applying factors given in Wtzel and Likens
(1991) .

To evaluate if phytoplankton in the'limocorrals were nutrient
[imted we conducted an in vitro bioassay simlar to those done in
1992 (Goss et al. 1992). In the seventh week of the experinent
(20 August) we collected water from3 mfromone |immocorral in
each field treatnment (CNTL-Corral #2; EPI-Corral #3; META-Corral
#1) . In Logan, 750-m aliquots of water from each field treatnent
were distrubted into eight, 1-L polycarbonate flasks. Two flasks
each received nitrogen, phosphorus, and mcronutrients to determ ne
if these were limting the phytoplankton in the limocorrals. The
flasks were incubated at 15°C with an 18:6 hr photoperiod of 150 uE
m2s?* light intensity. After five days the flasks were sanpled for
chl orophyll a which was anal yzed as described previous. W then
added phosphorus to one of the flasks fromeach N* treatnent, and
nitrogen to one of the P~ flasks, to determne if N and P were co-
limting phytoplankton grow h. After five additional days the

flasks were again sanpled for chlorophyll. The final experimenta
design for each of the three field treatnents was thus:
Nom nal Replic. Days of Added nutrients
Tr eat nent Sanpling
Cont r ol 2 5 10 -No nutrients added
+N 2,1 5 10 -0.17 MNH,NO,
+P 2,1 5 10 -0. 02 M NaH,PO,
+M 2 5 10 -M x of HEDTA,
Fe, M, Zn, Cu,
Mo, Si, and Bo
(Goss et al.
1992)
+NP 2 10 -0.17 M NH\NO,; 0.02 M NaH,PO,

To quantify periphyton growth in each |imocorral we sanpled
three tines during the season (at approximately 4, 8, and 11 weeks
into the experinment). A weighted 10-cm wide strip of polyethylene

i mocorral material was suspended from the center of each corra
and extended to the bottom On each sanpling date, two 14-nm

di aneter disks were carefully bored from each periphyton strip with
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a cork borer at 5-6 depths. Disks were kept on ice until return to
our field |aboratory, where they were placed directly into 6-m of
100% net hanol for chlorophyll a pignent extraction in the dark for
24- 48 hours. We then anal yzed the sanples for chlorophyll a
fluoremetrically as described above.

We sanpled zooplankton weekly wusing a Wsconsin-style,
closing, 80-um nesh net equi pped with an anti-reverse CGeneral
Oceanics flowneter. Two tows were taken in each |imocorral, one
from10 mto the surface, and the other from17 mto 10 m  Sanpl es
were imedi ately preserved in a formalin-sucrose solution and
subsequent|ly counted and neasur ed. I n addition, bionmass was
cal cul ated using | ength-mass regressions (MCaul ey 1984; Koeni ngs
et al. 1987) and corrected for the volume of water sanpled. Egg-
rati os of cladocerans were cal culated as an estimate zoopl ankton
production (Pal oheinmo, 1974). Repeated nmeasure ANOVAs were used to
anal yze zoopl ankton data for statistical significance accounting
for time and initial differences anong treatnments (WIkinson 1991).

Because resident 0. nerka were unavailable in Pettit Lake, we
attenpted to use age-0 redside shiners (Richardsonius) in the
limocorrals to evaluate effects of nutrient additions on fish
growth. The fish used were seined along the |ake shores. Fifteen
mnnows (O 3-0.5 g) were placed in each corral. A sub-sanple of 60
fish were sacrificed and used as an initial nmeasure of wet weight.
At an internmediate date, 31 July 1993, we attenpted to renove sone
fish using a lift-net. Dry ice was added to each |immocorral at
the end of the experinent in order to force fish to the surface
where they could nore easily be caught.

RESULTS

Water Clarity, Tenperature and Oxygen

Fertilization significantly decreased water transparency in
both the epilimetic and netalimetic treatnments (P<0.002), but the
reducti on was not |arge. On nost dates, transparencies were
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greater in the META treatnents than in the EPI treatnents. \Water
transparency remai ned above 8 min all of the treatnents throughout
the experinent (Fig. 1).

Tenperature and oxygen profiles closely paralleled the
condi tions observed in the |ake, and there was little difference
anong treatnents on each date (Fig. 2). Surface tenperatures
ranged from 11.0°C at the beginning of the experiment in July to
16.0°C at the end of the experinent in Septenber. The tenperature
near the bottomof the limocorrals (-17 m) ranged from5.5°C in
July to 6.0°C in Septenber.

D ssol ved oxygen conditions were suitable for fish growth (-5
mg/1) throughout the Ilimmocorral for the duration of the experinent
(Brett et al. 1969). Both the tenperature and oxygen profiles
showed no clear response to nutrient additions.

Nutrients

Both the EPI and META nutrient additions increased TN and TP
concentrations over initial and control concentrations (Fig. 3).
The nutrient profiles indicated, however , t hat there was
consi derabl e novenent of the added nutrients between strata. The
hi ghest nutrient concentrations in the META treatnents were at 17
m but epilimetic nutrient levels also increased in this treatnent
(Figs. 3c-f). In the EPI treatnents, the highest nutrient
concentrations were in the epilimion on 31 July (Figs. 3c-4d).
However, on 29 August, they were highest at 17 m (Figs. 3e-f).

The nutrient sanpling results indicate that considerable
portions of the added nutrient also sedinmented to the bottom of the
corrals. The was especially evident on 29 August in the EPI
treatnents, where TN and TP concentrations were highest at 17 m
(Fig. 3e-£). Part of this is probably due to a boundary condition
i mposed by the limocorrals, allow ng the accunmulation of sinking

phyt opl ankt on, detritus, and other particulates near the bottons of
t he mesocosns.
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Pettit Lake Limnocorrals 1993
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Figure 1. Secchi depths as the nmean oftwo replicates fromthe

start of the experinent in July until the end ofthe experinent in
Sept enber .
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Pettit Limnocorral Nutrient Levels, 1993
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Chl orophyl I, Primary Production, & Al gal Bionass

Mean chlorophyll levels in the EPI and META treatnents were
greater or equal to controls throughout the experinment (Fig. 4 and
s). The weekly nean epilimetic chlorophyll levels were 0.31,
0.74, and 0.67 ug/L for the control, EPI, and META treatnents,
respectively. These val ues ranged from 0.17-0.48 ug/L for the
controls, 0.45-1.27 ug/L for the EPI treatnents, and 0.31-0.89 ug/L
for the META treatments (Fig. 4b). The nmean epilimetic

chl orophyl| values for the EPI treatnent exceeded that of the META
treatnent on 6 of the 10 weekly sanplings after fertilization
began.

The nean chl orophyl|l concentrations in the weekly O 17 m tube
sanples were 0.91, 1.42, and 2.56 ug/L for the control, EPlI, and
META treatnments, respectively (Fig. 4a). The O 17 m chl orophyl
concentrations for the META treatnents were greater than those in
the EPI treatments on all 10 weekly sanplings after nutrient
addi ti ons began.

Epilinmentic chlorophyll levels in the control treatnents
followed a trend simlar to concentrations in the |ake, suggesting
that for this paraneter the |imocorrals reasonably m m cked

natural conditions (Fig. 6). Nevert hel ess, | ake chl orophyl|
concentrations were slightly higher than levels in the controls
during the last 5 weeks of the experinent. Not e that nean

epilimetic chlorophyl|l concentrations in the nutrient treatnents
never exceeded levels recorded in Pettit Lake during spring
overturn (cf. Fig. 4a and s6).

The phytopl ankt on conmmunity structure was simlar in all 3
treatnments at the start of the experinent (Fig. 4, see 03 July
1993), wWwth a mxture of chlorophyta, diatons, and D nobryon at al
dept hs. The dom nant chl orophyta were Qocystis, Chlorella, and
smal | Chlorococcales spp., While the domnant diatom was
Cyclotella. No Dinophyta were found in the corrals during the
experiment, although sone were present in the |ake (Chap. 2, Fig.
9).
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Between Pettit Lake and Limnocorrals
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After 4 weeks (Fig. 4, see 31 July 1993), phytopl ankton
bi ovol unes had increased nost at the depths of the nutrient

additions in each treatnent. The dom nant increase was in the
diatoms, primarily due to bloons of Fragilaria. The subdom nant
Tabellaria, Asterionella, and Synedra spp. al so increased. The

Cyclotelila and Dinobryon spp. declined in all three treatnents.
The phytopl ankton community structure in the control treatnents was
simlar to that of 03 July 1993, but the biovolume declined by 15-
60%, Wth the [argest decrease at 17 m In the EPlI treatnents,
bi ovol umes increased from 03 July 1993 in the epilimia (an
enornous 4300% and at 10 m(52%), but decreased slightly (14% at
17 m The cyanophyte Oscillatoria also increased in the epilimia,
but only made up 6% of the total biovolume. Epilimetic increases
in the Chlorophyta were due to Spondyl osium sp. In the META
treatments, increases in nean algal biovolumes over 03 July 1993
were greatest at depth (37%in the epilimion, 76% and at 10 m and
150% at 17 m). Chl orophyta increases of -100% in the META
treatnments were prinmarily from Qocystis.

After 8 weeks (Fig. 4, see 29 Aug. 1993), the Fragilaria bl oom
from31l July 1993 was virtually gone fromthe EPlI treatnents, but
had increased by 45% in the META treatnments. The biovolunes in the
control treatnments increased by between 30-160% from 31 July 1993,
attaining levels conparable to the EPI and META treatnments in the
epilimia and at 10 m In the EPI treatments, increases in
bi ovol une of the Chlorophytes of up to 130% were primarily due to
Spondyl osi um and  oeocystis. The chlorophyte increase at 17 min
the META treatnents were primarily due to Chlorella, al t hough sone
Spondyl osi um were present.

Nutrient additions markedly increased primary productivity in
the limocorrals, and the stimulation was greatest in the strata
where the nutrients were added (Fig. 8). Primary production was
first measured on 5 July, one day after nutrients were first added.
On this date productivity was generally simlar anong the
treatnents, but algal growh at 0.5 min the EPI treatnent was
nearly 50% above control treatments, suggesting that the
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phyt opl ankt on responded quickly to the nutrient addition in the
surface where light levels were high.

By the end of July the spatial differences in productivity
anong the three treatnents were well established (Fig. 8, center).
Productivity in the control treatnents renained |ow throughout the
water colum. In the epilimetic fertilization, production in the
epilimion was 3-4 tines greater than in the controls. Thi s
enhanced productivity extended to 10 m but declined in the deeper
water. In the nmetalimetic fertilization production was stinul ated
five times above control levels in the deeper water, whereas in the
epilimia the stinulation was | ess pronounced. By the end of
August, the spatial differences in productivity anong the
treatments were less distinct, but the pattern established in July
was still evident (Fig. 8, right).

Fig. 9 summarizes how the different fertilization strategies
effected primary production in the different strata of the
| i mocorrals. In the control treatnments, integrated productivity
in the epilimetic (O7.5 m) and netalimetic (7.5-17 m) strata
were approxi mately equal, and overall production was relatively
low. On 5 July total integrated productivity was simlar in al
three treatnments, indicating that there had been insufficient tinmne
for significant response to the fertilizations. However, in late
July and August, fertilization of the epilimia markedly stimulated
primary production in that strata, but also increased algal growh

in the deeper water. The netalimetic fertilization had the
reverse effect, primarily stinmulating production in the netalimia
of the limocorrals. Overall rates of primary production were
approximately equal in the epilimetic and netalimetic

fertilization treatnents, and both were approximately 3-tines
hi gher than in the controls.
Primary production was significantly correlated wth

chl or ophyl | concentrations in the Jlimocorrals (Fig. 9b),
indicating that the nore frequently neasured chl orophyl| provides
a reasonable index of algal productivity. Phyt opl ankt on

assimlation rates (carbon fixed/ ng chlorophyll a), however, were
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Figure 9. summary of primary producti on rates in the control
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2-3 tinmes higher in the epilimia than in the netalimia of the
l'imocorrals. This was not unexpected, as phytoplankton growing in
light-limted conditions often synthesize additional pignents to
maxi m ze |ight capture (Reynolds 1984, p. 130)

The in vitro bioassay conducted in August indicated that the
phyt opl ankton in the |imocorrals were limted by nitrogen and/or
phosphorus (Fig. 9c). Phyt opl ankton taken from the CNTL
i mocorral were stinulated by nitrogen additions after 5 and 10
days, and particularly by N+ P additions after 10 days (the NtP
treatment was not sanpled at 5 days). This indicates that the
pl ankton were colimted by N and P. Addi ng phosphorus or a
mcronutrient mixture alone did not stinulate chlorophyll
production from this |imocorral. Phyt opl ankton from t he EPI
i mocorral were also stinulated by N and particularly by the NtP
additions, but not by P or mcronutrients alone. Pl ankton fromthe
META | i mocorral did not respond to any nutrients after 5 days,
suggesting that they were not nutrient limted when they were
sanpl ed. After 10 days, however, P and N+P additions both
stinul ated chlorophyll production above control |evels.

Periphyton G owth

Periphyton bionass, as indicated by chlorophyll |evels, inside
the Iimmocorrals varied by as nuch as three orders of nagnitude
over the course of the experiment (Fig. 10a-c), wth density always
lowest in the control treatnments. Al gae was barely detectable by
eye in the control treatnents, but in the epilimetic fertilization
treatnents 5-20 mmthick patches of periphyton devel oped on the
l'i mocorral walls. Periphyton devel oped first in the epilimion of
the EPI treatnments (Fig. 10a) and then spread deeper into the water
colum as the experiment progressed (Fig. 10b). By the end of the
experinent, however, EPI periphyton levels started to decline (Fig.
10c) . Overall, epilimmetic periphyton chlorophyll was always
greatest in the EPlI treatnents (Figs. 10a-c).

In the metalimetic fertilization treatnents periphyton was
stimul ated throughout the water columm, but particularly in the
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| ower dept hs. Periphyton |evels increased as the experi nent
progressed, eventually exceeding EPl |levels at 13 and 17 mon 14
Sept. 1993 (Figs. 10a-c).

To conpare the relative anounts of algal biomass in the
phyt opl ankton and in the periphyton in the different treatments we

calculated the total mass of chlorophyll in each of these
communities in each |limocorral (Fig. 10, lower). Throughout the
experinent the anount of periphyton chlorophyll in the contro

treatments was negligible. In the EPI treatnents, however, between
20 and 50% of the chlorophyll in limocorrals was in the periphyton
communi ty. In the nmetalimetic fertilization treatnents,

peri phyton devel oped slowy, and it never represented nore than 20%
of the chlorophyll in these |immocorrals. Note that the nean of

t he conbi ned periphyton and phytopl ankton chl orophyll |evels for
the META treatments were greater than that of the EPI treatnents on
all 3 sanpling dates (Figs. 10d-¢£).

Zoopl ankt on

Zoopl ankton biomass in the limocorrals was initially |ow,
peaked in late July or early August, and declined during the |ast
part of the experinment (Fig. 11). Zoopl ankton bi omass was not,
however, significantly related to nutrient treatments (ANOVA;
P=0.704). The initial biomass of zooplankton in individual
l'i mocorrals varied considerably, ranging from<10 ug L' to >80 ug
L* (Fig. 12). This wide range in starting conditions undoubtedly
made treatment effects difficult to distinguish, especially near
the beginning of the experinent.

Nutrient additions significantly increased the nunber of eggs
per adult Daphnia in the top 10 m(p= 0.036) of the |limocorrals
(Fig. 13), but not in the bottom7 m(p=0.843). The hi ghest egg
production was observed in the META treatnents followed by the EP
treatments, wth the |owest production observed in the control
treatnents

The zoopl ankton speci es bi omass conposition in each corral, as
a percent of the total bionass on each sanple date are shown in
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Perlphyton Levels in Pettit Limnocorrals, 1993
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Fig. 14. Daphnia dom nated in all limocorrals throughout the
duration of the experiment. Al limmocorrals exhibited smaller,

i solated concentrations of Bosmina in early July with second peaks
al so observed later in the experinment in both the EPI and META
treat ments. No ot her zoopl ankton species were present in high
concentrations with the exception of one isolated representation of
Holopedium in | ate August in one EPl treatnent (LC3, Fig. 14).

Fi sh

Unfortunately the mnnows used in the experinent seened to be
extrenely sensitive to handling and few survived. Three fish were
caught from a control treatnment (LC4) at the internediate sanpling
in July but no other fish were observed or caught at this tine.
Due to uncertainty concerning survivor numbers in the corrals, the
three fish caught at the internedi ate sanpling were returned
imrediately to the |imocorrals.

During the fish renoval at the end of the experinent, only
four live fish were recovered fromtwo limocorrals (3 fromLC4 and
1 fromwrc3) using the dry ice nethod. A few other dead fish were
recovered by SCUBA divers fromthe bottom of the |immocorrals, and
they were largely deconposed, suggesting that nuch of the nortality
had occured early in the experinent. Further, nost fish initially
placed in the limocorrals could not be accounted for at the end of
the experinent. Because these fish could not be accounted for, no
conclusions about planktivory or fish growth in response to
nutrient addition could be made.

DI SCUSSI ON

The 1993 Pettit Lake |imocorral s experinents denonstrated
that addition of nutrients to either the epilimia or the
metalimia of the |akes was effective in enhancing primary
productivity and phytoplankton standing crop. However, increases
in phytopl ankt on bi omass, chlorophyll, and prinmary productivity
rates in the nmetalimetic fertilizations were sinmilar or greater
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than that in the epilimetic treatnents, yet water transparency in
the nmetalimetic treatnents renained higher.

Nutrients added to either the epilimia or the netalimia of
the corrals were apparently quite nobile, and stinulated algae in
the adjoining strata. Nutrient concentrations were always el evated
the nost at the depths where they were added (Fig. 3), but
concentrations also increased at other depths. |n part, this was
likely due to vertical mxing of |imocorral water during weekly
sampling with zoopl ankton nets, Secchi disks and other equipnent.
Wiile we were cautious to avoid unnecessary m xi ng during our
sanpling activities, sone mXxing was unavoi dabl e. Little
ant hr opogeni ¢ m xi ng woul d occur in a whole-lake fertilization, but
this mght be counterbal anced by increased turbulance due to
internal waves in the | akes. I n addition, zooplankton can
redistribute nutrients if they have vertical mgrations, although
this redistribution can be dowmward as well as upward (Kitchell et
al. 1979, pini et al. 1987). Consequently, we would expect that a
whol e | ake fertilization would stinmulate algal production nost in
the |ayer where the nutrients were added, but that nutrients would
be m xed between |ayers and stinulate phytoplankton throughout the
photic zone.

Nut ri ent additions stimulated not only  phytopl ankt on
production, but the periphyton growth as well. The |arge increase
of periphyton on the walls of the Iimmocorrals, is consistent with
the results of other researchers who have also found these algae to
be nutrient limted (Fairchild et al. 1985, Mzunder et al. 1989).
The periphyton was stinulated much nore by epilimmetic nutrient
additions than by netalimetic additions.

The | arge periphyton communities that devel oped near the tops
of the fertilized enclosures may have conpeted for nutrients and
[imted the growth of the phytoplankton in the epilimion. Thi s
was particularly evident in the epilimetic fertilizations, where
20-50% of the chlorophyll in the enclosures was in the periphyton
The conpetition for nutrients nmay have allowed total phytoplankton
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chlorophyll levels to be higher in the metalimetic nutrient
treatnments than the epilimetic treatnents (Figs 4a and 5).
When conbi ned periphyton and phytopl ankton chlorophyll are
consi der ed, the differences between the epilinentic and
metalimetic nutrient treatnments are reduced (Figs 104-f).

A whol e-1ake fertilization would al so pronote periphyton
growth in the littoral zone of a lake, particularly if nutrients
were added to the epilimion. The relative anmounts of nutrients
that would be diverted to the periphyton in a |ake, however, would
be nmuch less than in the limocorrals because of the nuch |arger
wat er vol unme: surface area ratio in the |akes than in the corrals.
Because increased periphyton bionass is probably nore noticible
visually than is increased phytoplankton (Goldman 1974), it would
be desireable to mnimze the growth of the algae in the littora
zone. A netalimetic fertilization again appears promsing in this
regard, as adding nutrients deeper in the water columm pronoted
much | ess periphyton growth than did the epilinmentic fertilization.

I f whole-lake fertilizations are attenpted in the Saw oot h
Basin | akes, a nore evenly-spaced addition of nutrients would be
desireable to the early, large addition we used in the 1993
experinments. Distributing the nutrients evenly over the summrer
woul d I|ikely decrease the strong pulse in chlorophyll that we
observed in the fertilized limocorrals in July (Fig. 3), and
mai ntai n producti on above controls latter in the sunmmer. Thi s
m ght be particularly inmportant in the Sawt ooth Basin | akes because
our bi oassay experinments in 1992 indicated that the phytopl ankton
were nore nutrient limted in July than in June (Goss et al.
1993).

The phytopl ankton taxa in the limocorrals in both the
controls and in the fertilized treatnments were generally in size
ranges grazable by Daphnia. Porter (1973) found that phytopl ankton
>40 ym Were rare in Daphnia guts, Wwhile Sommer (1988) found al gae
grazed by Daphnia to be <30 um in all dinensions. In the
limocorrals, the only algae >30 um were (1) sone of the
d oeocystis col onies, Dinobryon, and the |arger COocystis, which are
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of lower food quality, and; (2) the colonial diatons, which Daphnia
can separate and break (Lampert 1978). Bosmina are nore restricted
by phytopl ankton size than Daphnia (Sarnelle 1986), thus they
probably benefitted nuch less fromthe diatomincreases than the
Daphnia did. However, biovolunmes of the small Chlorococcales spp.
<5 um in dianmeter, highly usable by Bosmna, increased only
slightly during the experinent.

Al though size is a particularly useful parameter to assess
whet her phytopl ankton can be grazed on by the zoopl ankton, there
are many species-specific effects that conplicate the anal yses.
For exanple, Knisely and Geller (1986) found that different species
of zooplankton in the same genus have different ingestion and/or
digestion rates for the same phytopl ankton. Conversely, Infante
and Litt (1985) found that a single zoopl ankton species nmay ingest
different species of algae in the same genus at different rates.
Nevert hel ess, we observed sone recognizable trends in the
l'imocorrals that allow conclusions to be drawn about the effects

of the nutrient additions on the zoopl ankton. The Pettit Lake
zoopl ankt on assenbl age was dom nated by Dapbni a rosea and Bosm na
| ongirostris. Both are herbivores - D. rosea i s a generalist,

while B. longirostris is known to be a nore selective feeder
(DeMott 1982).

The maj or increases in biovolumes observed in the EPI and META
fertilizations were caused primarily by the diatom Fragilaria, but
al so by Tabellaria, Asterionella, and Synedra. These di at ons
occurred in colonial assenblages, except for the Synedra, which
were solitary. Daphnia can separate individual diatonms from their
colonies in order to ingest them(Lampert 1978, Infante and Litt
1985).

The quality of Fragilaria spp. as food varies fromlow to
high, depending on the species of Dapbnia, but unforuntatly D
rosea has not yet been evaluated (Knisely and Geller 1986, Infante
and Litt 1985). Infante and Litt also found Tabellaria fenestrata
to be of internmediate and high value for two species of Daphnia.
Sarnelle (1986) found that brood size of D. catawba increased when
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Fragilaria and Asterionella were dom nant. Mst investigators have
found that Asterionella fornosa to be of low to internediate
edibility for a variety of Daphnia spp., as well as being highly
used by cycl opoi d copepods (Schindler 1971, Porter 1973, Lehnman and
Sandgren 1985, Téth and Zdnkai 1985, Knisely and Geller 1986,
Sommer 1988). The solitary Synedra sp. in the linmocorrals was <5
pum Wi de and ranged in length from 25-115 ym. Sommer (1988) found
that two species of Synedra were used at mediumto optinmal rates by
Daphni a | ongi spina and D. nagna.

Increases in the chlorophyta in the epilimetic fertilizations
on 29 Aug. 1993 resulted from species of poor to nedium food
quality. The doeocystis sp. was contained in a gelatinous sheath,
which is indicative of algae that is a poor planktonic food source
(Porter 1973, Sarnelle 1986, Sommer 1988). The other contri butor
to this increase was Spondylosium sp., a filamentous desm d.
Fi |l ament ous desmi ds are |oosely connected (Hutchinson 1967, p.
325), so Daphnia should be able to detach and ingest Spondylosium.
The chlorophyta increases at 17 min the META treatnments were
primarily due to Chlorella sp. >5 um in diameter, which are of
nmediumto high food quality (Knisely and Geller 1986).

In summary, the nutrient additions primarily increased the
abundance of diatons in the |imocorrals. These increases cane
Wi t hout substantial coinciding increases innuisance Cyanobacteria.
The di atons shoul d have been nobst usable by the Daphnia in Pettit
Lake. While diatoms are not uniformy of the highest food quality
for cladocera, they should have been sufficient to- increase
zoopl ankton productivity.

Al though fertilization increased prinmarily desireable species
of algae, the epilimetic treatment did show increases in the
cyanobacteria Gscillatori a. Because cyanobacteria often do well
when N:P ratios are low, we had attenpted to add excess nitrogen

fertilizer. Nevertheless, the in vitro bioassay (Fig. 9c)
denonstrated that phytoplankton in the EPl limocorral treatment
were still primarily nitrogen limted in August. | f | ake

fertilizations are attenpted in the Sawtooth Basin |akes, it would
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be desireable to add an even higher NP ratio than the 20:1 ratio
used in the limmocorral experinents.

Qur anal yses of the zoopl ankton and fish responses to nutrient
additions were confounded by high variability in zoopl ankton
abundance between treatnents, and the loss of fish in nost of the
encl osures. Nevertheless, the significant effect of fertilization
on Daphnia egg production (Fig. 12) suggests that zooplankton can
potentially be enhanced by this procedure in the Sawt ooth Basin
| akes. The netalimetic nutrient addition increased egg production
more than did the epilimmetic additions, again suggesting that this

met hod of fertilization may be beneficial. Futher tests of will be
conducted in 1995 to determne if zoopl ankton abundance, and nore
i nportantly, Onchorhynchus nerka production, WwIll respond to

netalimetic fertilizations.
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INTRODUCTION

Understanding the factors determining fish gromh is an
i mportant aspect of nanagi ng endangered fish popul ati ons. The
conbined effect of tenperature and food availability is
particularly inportant in determ ning growh and consequently
survival of juvenile fish (Brett 1985, MIler et al. 1988; \Wrner
and Glliam 1984; Houde 1987). The quantity of food avail able
determnes the energy available for growth after maintenance costs
and the optinal tenperature for growh. The tenperature inhabited
by a fish affects how rapidly that food is netabolized and the
energy |l osses due to maintenance costs (Adans and Breck 1990; Brett
et al. 1969; Brett 1983; Shelbourn et al. 1973; Wooton 1990).
Understanding the interaction between tenperature and food
consunption on growth will aid in managenent deci sions concerning
the rehabilitation of endangered Snake River Sockeye Sal non.

Thi s endangered stock historically spawned and reared in five
high altitude (6,800’), oligotrophic |lakes |ocated in the Saw ooth
Valley, central ldaho. These |akes exhibit different depth reginmes
and vary considerably in the food available to the rearing juvenile
sockeye salnon. Zoopl ankt on bi omass can be consi dered a neasure of
the food available to fish in the different |akes because sockeye
are predom nantly zoopl anktivores (Burgner 1992; Cordone 1971). In
oligotrophic |akes such as these, small differences in food
availability can have a considerable effect on growth both directly
t hrough energy consuned and indirectly through the combined effect
of tenperature and ration on energy conversion and grow h.

Brett et al. (1969) have shown that for juvenile sockeye grown
with excess ration, the optinmal tenperature for growmh is 15°C,
while at reduced ration (1.5% of body wei ght/day) the opti nal
tenperature for growh is secC. This drop in the optinal
tenperature for growth with decreased ration reflects the decrease
in maintenance netabolism that acconpani es reduced tenperature.
They al so showed that the effect of tenperature on growth is nost
pronounced in the early stages of |ife when growth rates are high,
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but Ilessens as growmh rates decline in older fish. Thus
tenperature, in conbination with food availability, will have its
nost pronounced effect in the juvenile, rearing stage of sockeye
salnon (Brett 1983; Post 1990).

As part of the assessnent of rearing habits for juvenile
sockeye salnon, we perforned a series of growh experinents at
different depths and consequently different growh regines in two
of the five Sawt ooth sockeye | akes. Kokanee sal non, a conspecific
strain of sockeye salnon (both Oncorhynchus nerka) were used as a
surrogate for the endangered sockeye salnmon in these experinents.
Fish were growmn in net pens in Stanley and Redfish Lakes. These
two | akes were chosen because they provide the greatest difference
i n phytopl ankton productivity and zoopl ankton biomass of the five
| akes.

G ven the higher ration available for rearing salnmon in the
nore productive Stanley Lake, we anticipated that tenperature would
have a nore pronounced effect on growh here than in the |ess
producti ve Redfish Lake. Further, we expected that increased
zoopl ankt on bi omass woul d enhance growh when tenperatures were
simlar.

A sinmulation nodel designed for predicting juvenile sockeye
growmh was also tested and evaluated. The nodel used the
bi oenergetics simulation approach (Beauchanp et al. 1989; Hewett
and Johnson 1992) in conbination with a zoopl ankton consunption to
zoopl ankton availability relationship derived from kokanee growh
experinents (Teuscher 1993; Bowler and Rienen 1981; Post 1990).
Zoopl ankton biomass and water tenperature provide paraneters
specific to a given lake and tinme period while physiological
estimates of consunption and netabolic rates are generalized across
| akes (Beauchanmp et al. 1989). Therefore, a bioenergetic nodel
driven by food availability and tenperature provides the
opportunity for general predictions based on easily neasured
I i ol ogi cal dat a.

In this paper, we conpare t enper at ur e, zoopl ankt on
availability, and fish growh responses anong net pens in the two
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| akes. Measurenments of tenperature and zoopl ankton availability
were used to predict growh of juvenile kokanee using the
bi oenergetics sinulation nodel. Gowh rate predictions were
conpared to observations from our field experiment. This type of
nodel i ng approach presents the opportunity to conpare growth
conditions for kokanee anong different systens with varying
environnental factors that determne growth

METHCDS

Net pen experinments were perforned in Redfish and Stanl ey
Lakes, over a 2 1/2 nonth period (June-Septenber) in the summer of
1993. The two | akes were chosen because: (1) energent kokanee
sal nron were available from these |akes, and; (2) Stanley and
Redfish provide differences in productivity, allowng us to study
factors affecting growh both anong different productivity |levels
and throughout varying depth and consequently tenperature regines.

Juveni | e kokanee for the Stanley net pens were seined the day
the experinment was started, 16 June 1993, along the south-west
shore of Stanley Lake. Fish were anesthetized, measured (TL), and
wei ghed (g) before being added to net pens. Only those fish that
appeared to show no signs of handling stress were used in the
experinent. A sub-sanple of fish was neasured and frozen to
estimate the initial dry weights of fish used in the experinents.

Juveni | e kokanee used in the Redfish Lake net pens were caught
imedi ately after energence fromthe gravel in a Redfish inflow -
Fi shhook Creek, 16-19 way 1993. Fish were then transported to a
hatchery in Eagle, |D where they were reared until the start of the
experinment on 30 June 1993. The day before the experinent, fish
were anesthetized, neasured, and wei ghed, and then observed over
twenty-four hours. Only survivors not affected by handling were
added to the net pens.

Six net pens were used in each of the two | akes with three
treatnments and two replicates. The treatnments were as follows:
two epilimetic net pens placed at 6 m two netalimetic net pens
placed at 12 m and two hypolimetic net pens placed at 18 m The

103



net pens used were 2x2 m cylinders constructed with 1/8" ace
netting, with a floating spreader bar at the surface at the top and
a sinking spreader bar on the bottom At the start of the
experinent, net pens were weighted at the bottom fish were added
to the pens, and then the pens were slowy dropped such that the
m ddl e of the net pen was at the desired depth.

The fish from net pens were sanpled for an internmediate growh
nmeasure approximately half way through the experinent (21 July -
Stanley, 28 July Redfish). The pens were slowy brought to the
surface, fish were renoved, anesthetized, neasured, and wei ghed.
After all fish had recovered from handling, they were added back to
the pens which were then repositioned as close to their origina
depth and | ocation as possible.

At the end of the experinent, the pens were brought to the
surface, fish were anesthetized until death, neasured, and wei ghed.
After a sub-sanple of fish was preserved for stomach analysis,
remaining fish were frozen for dry weights. Stomach sanples were
counted by species, individuals were neasured, and bionmass was
cal cul ated (MCaul ey, 1984).

Every 7 d, the net pens were sanpled for tenperature, oxygen,
and zoopl ankton availability. An oxygen and tenperature profile
was taken at a hypolimetic net pen from O 20 musing a YSI neter,

with readings recorded every neter. A closing, Wsconsin style
zoopl ankton net equipped with an anti-reverse Oceanics flow neter
was used to take a zooplankton tow at each net pen. A 4 mtow

taken imredi ately outside the pen, fromone neter bel ow the net pen
to one neter above the net pens, was chosen as the sanple
representing zooplankton available to those net pen fish.
Zoopl ankton sanples were counted, neasured, and bionmass was
cal cul ated, and corrected for volune filtered, according to length-
nmass regressions published by MCauley (1984) and Koenings and
Burkett (1987).

To account for potential differences in zooplankton bionass
inside the pens versus outside the pens, twice during the
experiment, zooplankton were sanpled inside the net pens using a
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punmp and SCUBA divers. Towards the beginning of the experinment (16
and 30 July) 24 1 of water were punped from inside each pen and
then conpared with 24 1 of water punped outside the pens in both
Redfish and Stanley Lakes. Sanpl es were enunerated and measured
according to nethods described above. The sane procedure was again
repeated towards the end of the experinment, on 7 and 8 Septenber
1993 in Stanley and Redfish Lakes respectively, but the volune
filtered was increased from24 1 to 120 1. A linear regression of
i nsi de zoopl ankton biomass versus outside zooplankton biomass in
addition to a step-wise multiple regression (mninmm tolerance
=.05) of inside zooplankton as dependent on outside zooplankton
bi omass, tenperature, and density were done to explain variance.

A step-wise multiple regression analysis was done using net
pen fish growh (g/day) against fish density (#/ pen), food
availability (zooplankton biomass ug/l), and tenperature (°C) for
results from both [|ake experinments conbined (mninum entry
tol erance = .05). Repeated neasures ANOVAs were done on fish
weight through time for both |ake experinents. Li near
regressions were applied to fish gromh (g/day) as a function of
tenperature and as a function of food availability for both |akes
i ndependent | y. All statistical tests were done in SYSTAT
(W I ki nson 1990).

The Model :
The nodel paranmeters are reported in Beauchanp et al.’s (1989)
sockeye bi oenergetics nodel. The nodel was constructed and runs in

Stella Conputer programm ng software for Macintosh conputers. Food
availability, tenperature, and initial fish weight were inputs to
the nodel and food availability was calculated as total available
zoopl ankton biomass (Brett et al. 1969, Brett 1988, Goodland et al.
1974, Kitchell et al. 1977; MIls and Forney 1981).

Two different approaches to consunption were nodeled and
eval uat ed. The first method relates the proportion maxi mum daily
consunption (P-value) exhibited by a fish to total zooplankton
bi omass (pug/l) (Post 1990) (hereafter referred to as the P-value
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model ). P-value is expressed as the percentage of maxi num
consunption (Beauchanp et al. 1989).
(1) Pp-value= (0.035 Zccplankton Biomass (ug/l} e

(1+«0.077* Zccplankton Bionass)”
The second nethod rel ates wei ght specific consunption to

zoopl ankton biomass (hereafter referred to as the Consunption
Model ;. Consunption cannot exceed maxi mum consunption (omx) W th
this relationship.

(2) Consumption= |F (.0C11470 + .038486 * LOGLO (Zoopl ankton

Bi onass (ug/l) e (Cmax/0.2147))) ELSE (Cmax)
Both rel ationshi ps were derived from bi oenergetic simnulations of

several data sets from experinents involving kokanee or sockeye (0.
nerka) grown under varying environnmental conditions (Teuscher 1993;

Bowl er and R eman 1981). In these simulations P-value and
consunption were estimated from reports of fish growth and
t enperature. These P-values or consunption estimates were

regenerated as a function of zooplankton biomass to derive
equations 1 and 2.

Weekly tenperature and zoopl ankton values and initial fish
wei ghts were used as inputs to the nodel. Sinulations representing
the tine interval of the net pens were run, and nodel predictions
were conpared to observed grow h.

RESULTS

Fi sh wei ghts throughout the experinent are shown in Figure 1 a-
b. Results are given as the average of all fish froma treatnent
and as the nmean of both replicates. Stanley Lake fish showed the
hi ghest final fish wet weight in the epilimmion, second highest in
the metalimion, and | owest in the hypolimion (RM ANOVA df= 4, F=
8.85763, P= .01083). |In Redfish Lake final fish weights in the net
pens were highest in the metalimion, slightly lower in the
epilimion, and lowest in the hypolimmion, but no significant
di fference anong treatnents was observed (RM ANOVA df= 4, F=.85928,
P=.53781) . Renoving the netalimmetic treatnent from the
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Figure 1. Fish growth neasured as wet weight (grams) in a.)

Stanl ey Lake net pens fromthe start ofthe experinent 16 June,
1993 to the end 7 Septenber, 1993 andin b.) Redfish Lake fromthe
start of the experinent 30 June, 1993 to the end 8 Septenber, 1993
with one internmediate data point. Points shown are the mean of two
replicates with the range given.



statistical analysis in order to determne if an effect between
epi | imion and hypolimion existed proved futile (p=.358).

Final dry weights of fish exhibited simlar patternsinfish

size as conpared to initial size (Figs. 2 a-b.). Final weight was
hi ghest in the epilimion, second highest in the netalimion, and
lowest in the hypolimion in both Stanley and Redfish Lakes.
However, the difference was much nore pronounced in Stanley Lake
(Fig. 2a) than in Redfish Lake net pens (Fig. 2b). Stanley net pen
fish showed a greater overall increase in weight in the epilimion
and netalimion treatnents than Redfish Lake net pen fish. In
Stanl ey Lake, the netalimion fish had a slightly higher %dry mass
(22.1% than did fish in the epilimion (21.9% or hypolimion
(19.2) in Stanley, but the standard error was high. | N Redfish,
t he highest % dry nmass was observed in the epilimmion (19.6%),
followed by the netalimion (19.23% and then hypolimion (18.0%.
The % dry mass present at the end of the experiment was positively
correlated with growh rates anong all net pens.
Gowh was nost rapid after the internediate fish sanpling point on
21 July, 1993 in Stanley and on 26 July, 1993 in Redfish. Final
fish growth, in g/day, was correlated with tenmperature (Fig. 3a) in
the Stanley Lake net pens. H ghest growth rates were observed in
the warmepilimion treatnment (average tenperature = 12.8°c, Table
1) and lowest in the colder, hypolimion treatnent (average
tenperature = 7.0°C, Table 1) (rR*-=.809, P= .015). Gowth of Redfish
Lake net pen fish, however, was not significantly affected by
tenperature differences anong treatnents (R*= .056, P= .653) (Fig.
4).

Consi derably nore zoopl ankton bi onmass was present outside
Stanl ey Lake net pens than for Redfish Lake (Table 1). Fi sh
growth, g/day, as a function of zooplankton availability (ug/1)
I nmedi ately outside the pens (4am tow) is shown for Stanley Lake net
pens in Figure 4a and for Redfish Lake net pens in Figure 4b.
Neither fish growth in Stanley nor Redfish Lake net pens was
significantly correlated with average food availability outside the
pens (Stanley R?=.082, P= .582; Redfish R*= .007, P= .872).
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Zoopl ankt on bi omass i nside the net pens was positively rel ated
to zoopl ankt on bi omass outside the net pens on two sanple dates but
with a slope of 0.4 (Fig. 5 R>= 0.413, P=.0076). This conparison
suggests that fish inside the net pens were depleting zoopl ankton
resources faster than they were being replaced by novenent from

out si de. Zoopl ankton biomass inside the pens was variable, but
distinct patterns were detectable anong | akes and depths and fish
survi val observati ons. A step-wise regression of factors

i nfl uencing inside zoopl ankton bionmass indicated that both outside
zoopl ankton bi omass and water tenperature explained a significant

portion of the variation in inside-pen biomass patterns (outside
zoopl ankton bi omass (44.1%), tenperature (24.2%) (R,=.688, df= 3, F=
16. 44127, P=.00002). Together the two factors explained over 68%
of the variation in zooplankton biomss neasured inside the net

pens. Fish density had a pronounced effect only in pens placed in
the warm epilimetic waters. These results suggests that higher

fish consunption rates in warnmer water casued a greater depletion
of zoopl ankton inside these net pens.

A step-wise nultiple regression of net-pen fish final weight
as dependent on tenperature, food, and density of surviving fish at
the end of the experinent was significant and ranked the vari ables
with tenperature first explaining 28% of the variance, food second
expl ai ning 20% of the variance, and kokanee density |ast expl aining
15% of the variance (R>=.489, df= 3, F= 4.51427, P= 0.0392).

Oxygen levels renmained above 5 mg/l throughout the water
colum for the duration of the experinment in both | akes.
Therefore, we assuned that oxygen was not a limting factor
affecting growth (Brett 1979). Unfortunately the light levels in
the Stanley Lake hypolimion likely reduced visual planktivory in
that treatnent. The 1% light level ranged from 12 to 18 neters,
and the hypolimion net pens were placed at 19-21 m at the md-
point of the pen. Consequently, the hypolimetic growth results in
Stanley were not nodeled as the nodel predicts growh based on a
feeding response that assunes high light levels for visual
pl ankti vory.
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The observed fish growh versus the fish growh predicted by
the nodel is shown in Figure 6 a-b. The P-val ue nodel was cl oser
in predictions to observed growth than the Consunption nodel in six
cases overall. The P-val ue nodel and the Consunption nodel had
al nost equal predicting accuracy by treatnent, but the P-val ue
nodel did a better job at predicting differences in growth between
the two | akes.

DI SCUSSI ON

Mbst | akes undergo |arge seasonal changes in tenperature and
zoopl ankton biomass and the degree of thermal stratification
(Gol dman and Horne 1983, Wetzel 1983). This results in fish
occupying habitats of varying tenperatures and food availability.
Vertical mgration patterns can further conplicate the effects of
habitat use by fish (Cark and Levy 1988, Levy 1987). Further, in
the Sawtooth Valley Lakes, |ake productivity, food availability and
tenperature are generally |ow and consequently small differences in
any of these factors can result in pronounced differences in growh
and survival (Budy et al. 1992; Rieman and Meyers 1992; Stockner
1981).

Qur experinent allowed us to examne how the interaction of
tenperature and food determned growth both across tenperature
reginmes and at food levels. The experinment showed that tenperature
had a nore pronounced effect on growh in Stanley Lake where
zoopl ankton food availability was greatest. In contrast, fish
growmh in Redfish Lake was simlar at all tenperatures.

The experinent also revealed differences in growmh of fish
grown at simlar tenperatures but at different food |evels.
Juveni |l e kokanee in Stanley Lake net pens grew faster in both the
epilimion and the netalimion as conpared to individuals at
simlar tenperatures in Redfish Lake. These differences are the
result of the higher overall food availability in Stanley Lake as
well as the differences in zooplankton comunity species
conposition in the two |akes. Redfish Lake is an ultra-
ol i gotrophic | ake dom nated by Bosm na Zongirostris and Holopedium
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gibberum Wwhile Stanley is considerably nore productive (although
still considered oligotrophic) and zoopl ankton species conposition
is characterized by larger, cladoceran zoopl ankton species (Daphnia
rosea) and cal anoids (Epischuira nevadensis) (Budy et al. 1992;
Ri eman and Meyers 1992).

Cordone et. al. (1971) found the diet of kokanee fry in Lake
Tahoe, California, to consist primarily of cladocerans. MIlIls and
Fourney (1981) have shown that YOY vyellow perch exhibit |ower
cohort nortality when Daphnia pulex is abundant but switch to
alternative prey when Daphnia pulex abundance is low resulting in
an overall decline in grow h. The greater abundance of a |arger,
nore preferred and energetically profitable cladoceran prey likely
contributed to the higher growth rates observed in Stanley Lake
conpared to Redfish Lake.

These results occurred even though differential survival of
fish in pens likely confounded nodel predictions. The net pen wth
the greatest deviation in frompredicted growh had high final fish
density (10 fish/pen). Conpetitive effects of this high density of
fish may have reduced the nean growth of these individuals (Kyle et
al.1993; Goodland et. al. 1974; Carpenter and Kitchell 1988).

The nost inportant result of these experinments was that
measur enments of zoopl ankton bionmass al one were poor predictors of
juveni |l e kokanee gromh (Fig. 4). Zoopl ankton bi onmass varied anong
depth strata by 400% in Redfish and by 50% in Stanley Lake. In
spite of this large variation in zooplankton biomass, growh
responses of kokanee wthin a |like were not affected by food
availability. These results indicated that conparison of
zoopl ankton bi onmass anong |akes are only relevant to growh of
juvenile 0. nerka if tenperatures occupied by the salnmon in each
| ake are simlar.

W believe the nodel is suitable for naking predictions and
generalizations concerning juvenile sockeye grow hwhentenperature
and food availability are known. Both versions of the
bi oenergetics sinmulation nodel did a reasonably good job of
predi cting observed growmh differences of kokanee anbng net pens.
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Qur results suggest that the P-value nethod of relating consunption
to food availability produced better predictions of growt h.
Consequently the P-value nodel will likely be used for future
assessnent of juvenile 0. nerka growth potential. The nodel wll be
especially useful for ranking the relative growmh conditions of
different |akes. Model predictions of potential growth anong the
five historical spawning and rearing | akes of Snake Ri ver Sockeye
Salnon will allow nanagers to place enphasis on | akes with a higher
growt h potential. Thus, the nodel provides a useful tool for
exam ni ng managenent options concerning the rehabilitation of this
endangered sal non popul ati on.
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TABLES

Tabl e 1. Mean tenperature over the duration of the experinent
(range, °C) and zoopl ankton bi onass (ug/1) for each net pen in both
Redfish and Stanl ey Lakes. Al'l pens started with an initial

density (fish/pen) of 10 fish, the nunber of survivors at the
I nternedi ate sanpling are shown in colum N and those survivors at
the end of the experinent in colum Nf.

St anl ey Redf ish

Lake Lake

(.81 KM* (6.2 KM?)
Net Pen N Nf mean mean N Nf nmean nmean

tenp zoop tenp zoop
epi 1 8 5 7.7-13.9 19.1 | 10 8 11. 3-15. 4 ‘5.3
meta 2 9 8 7.0-11.1 23.3 | 4 4 8.6-10-0 |5.2
hypo 3 8 8 5.9- 7.3 16.5 | 7 7 6.7- 9.8 |5.5
epi 4 |7 5 7.1-13.5 |10.3 |7 7 11.3-15.4 4.3
meta 5 9 8 6.4-11.1 11.6 | 10 6 10.8-13.6 2.9
hypo 6 9 8 6.2- 7.6 9.6 4 4 8.0-10.5 ‘5.3
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Chapter 6

Li ol ogi cal Model s of Sockeye Sal non Production in the
Sawt oot h Vall ey Lakes

by

Vayne A. Wirtsbaugh and Chris Luecke
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INTRODUCTION

The recovery of endangered Snake Ri ver sockeye sal non wl|
depend on the |imol ogical characteristics of the Sawtooth Vall ey
| akes and the managenent decisions nade for the |akes and fish. W
are now accunul ating a good deal of |immological information on
these | akes that will help in the decision-naking process. W have
constructed relatively sinple nodels that synthesize some of this
informati on and nake predictions on how management decisions m ght
effect the sockeye salnmon popul ations. The nodels rely on
enpirical relationships drawn froma variety of sources. |In many
cases these relationships are not precisely defined, and
consequently our nodels cannot be expected to give highly accurate
predi ctions. Their primary utility, then, is to help us
conceptualize the processes that are driving the popul ation
dynami cs of the salnon and their habitat, and to make general
predi ctions on how managenent decisions mght effect recovery.

W have constructed two nodel s. The first is a sinple
enpirically-based regression nodel that predicts salnon production
at a given chlorophyll |evel. The second nodel integrates the
first relationship wth the well-known relationship between
phosphorus | oading and chlorophyll levels to sinulate how many
sockeye salnmon would return to Redfish Lake under different
scenarios of lake fertilization and inproved survival through the
mgratory coordior. This nodel also sinmulates how the returning
sal nron would effect the productivity of their rearing |akes by
bringing nutrients back to the system

The chl orophyl | - sal non node

This enpirical nodel is based on R eman and Meyers (1992)
research cn kokanee sal non and |imol ogical paraneters in |Idaho
Lakes. They used trawling to estinate salnmon sizes and abundances
in 10 lakes that varied from ultra-oligotrophic to nesotrophic. W
used their published information to cal cul ate sal mon production in
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each | ake as the product of nean standing stock biomass and growth
rates between size classes according to:

3
L [(B, + B,,1) /2] « (In W,,, - 1In W) /1 year

1=l

wher e: B, = Standing stock bionmass (density * mean weight) of
year class i in the |ake.
W, = Mean weight of fish in year class i. Mean weights

were calculated fromtheir fork length data using
the follow ng |ength-weight relationship:
log w= -4.803 + 2.886 Log FL;

This nmodel provides an approxi mation of sal non production from age
1to 3, but it does not include the production of salnmon noving
fromage class 0' to 1, because the densities and sizes of the YOY
salmon in the |akes were not avail able.

The resulting annual production values were plotted against
t he summer chl orophyl| values for each of the |akes. W have shown
the production data in both kg hat yr*, and as the equival ent
nunber of snolts assumng that the fish mgrate at a size of 10 g
(Bjornn et al. 1968). This allows us to predict how many snolts
woul d be produced at a given chlorophyll concentration, assum ng
that the current kokanee production in these |akes would be
real i zed by sockeye sal non that would grow to smolt size in one
year.

The correlation between chlorophyll concentration and 0. nerka
production was signficant (p < 0.05), but there was a good deal of
scatter in the data indicating that many additional factors besides
phyt opl ankt on abundance will effect fish production in these |daho
| akes. A part of the scatter in the points is also likely due to
errors in assessing popul ation abundance and fish sizes in these

di verse | akes. Al though the chlorophyll-kokanee production
rel ationship was variable, the general increase in fish production
with increases in chlorophyll, or other trophic-state indices, is
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PREDICTED SMOLTS (100 mm) FOR IDAHO LAKES
BASED ON TOTAL KOKANEE SALMON PRODUCTION
(RIEMAN & MEYERS 1992)
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consi stent with many ot her studies (see Carline 1966; Plante and

Downi ng 1993). The chl orophyl | -sal nron nodel predicts that as
chl orophyll levels rise fromO0.5 to 5 ng m-3, 0. nerka production
will rise from0.6 to 7.0 kg hayr™, or in terns of potential

smolts, from64 to 702 fish hatyr?.
This relationship can be used to hel p understand the current
production of 0. nerka in Redfish Lake and how fertilization m ght

increase fish production. The mean sunmer  chl orophyl |
concentration in Redfish Lake in 1993 was 0.62 ng m3, near that

reported by Rieman and Mers (1992) when they neasured the
abundance of 0. nerka in the lake. At this chlorophyll |evel, the
nmodel predicts that about 85 smolts ha“, or 52,000 smolts/year
could be produced if the current production all went into snolts.
If the |ake were fertilized at a level simlar to that in our "low"
l'imocorral treatnent, chlorophyll levels would rise to near 2 ny
m?, and the nodel would predict that 0. nerka production woul d be
near 255 smolts hat, or 158,000 yr*. The nodel thus suggest s t hat
| evel s of whole-lake nutrient additions contenplated w thin species
recovery plans have the potential to considerably increase
production of stocked sockeye sal non.

It is not clear, however, that this production potential would

be realized in the Sawtooth Valley |akes. In field experinents in
1992 and 1993, we assessed the effects of increased nutrient
additions on trophic function of Sawtooth Valley Lakes. In two

| i mocorral experinments we observed how increased nutrient |oadings
enhanced phytopl ankton production, but no increase in zoopl ankton
bi omass was observed. Simlarly, the increased runoff and nutrient
| oadings to the lakes in 1993 conpared to 1992 resulted in enhanced
chl orophyl | concentrations, but no increase in zooplankton biomass
Research plans in 1994 need to fully assess the nmechani sns of
trophic transfer under nutrient additions to determ ne what factors
reduce the ability of zooplankton to respond to these increases in
phyt opl ankt on producti on.
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Si mul ati on nodel

W devel oped a sinulation nodel to assess the potential nunber
of adult returns expected under a variety of nanagenent options.
These sinmulations allowed us to conpare the relative effectiveness
of different nanagenent strategies and to estinmate potenti al
hi storic runs of sockeye salnon prior to construction of the
hydroel ectric danms on the Colunbia and Snake Rivers.

The outline of the nmodel is shown in Figure 2. In the nodel
annual phosphorus |oading drives nean chlorophyll concentration
based on the relationships in Vollenweider (1976). \Wen Redfish

Lake 1992 discharge, |ake area, and nean depth are used in the
cal cul ations, chlorophyll concentration (pg/L) was defined as:
Chl a = 0.0182 (p / n)°™

where P is phosphorus loading in nmg and Ais |ake area in m?.

Resultant  chlorophyll concentration is used to derive
production of age-0 0.nerka as calculated from Rei man and Meyers
(1992 see above). As age-l smolts outmigrate from Redfish Lake at
9.8 g they reduce P-loading by the phosphorus content in their
bodies. Survival of snolts during their downstream migration past
eight hydroelectric dans to the ocean was assuned to be 0.0253
(Bowl es and Cochnauer 1984). Ccean survival was assuned to be 0.73
per year for 2 years. Upstream survival of adults past the eight
dans was assumed to be 0.37 (Bow es and Cochnauer 1984). Adults
return at 2.2 kg to Redfish Lake and increase the subsequent year's
P-1 oadi ng by the phosphorus in their body mass (0.35%. This
| oadi ng was coupled with annual P-loading from streans and used to
generate chl orophyl|l concentration in the subsequent year

These growh and survival assunptions provide a snolt-
returning adult survivorship of 0.0049 and a ratio of snolt bionass
| eaving the | ake to adult biomass returning of 0.0045 (9.8:2200 g).
As long as smolt-adult survivorship exceeds the ratio of snolt to
adult biomass, the returning adult sockeye salnon can increase the
nutrient |oading of the lake. Under the baseline sinulations, this
nutrient enhancement occurs but at exceedingly snall rates.
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Fi ve managenent scenarios were sinulated with this nodel. A
base run was conducted in which P-loadings fromstreans were
assuned to be 500 kg annually and survival rates stated above.
This base run represents current conditions with no |ake
fertilization and no inprovenents in survival frommodifications in
dam operations. A second scenario sinulated sockeye production
when survival of snolts mgrating downstream was doubled to 0.0506
representing i nprovenents in mainstem passage. A third scenario
was sinmulated in which P-1oading was doubl ed, representing the
potential inpacts of a lake fertilization program A fourth
scenario simulated sockeye production under historic estinates of
sockeye survival (0.13 for downstream mgration, 0.9 for upstream
m gration) representing the time before the 8 dans were
construct ed. A fifth scenario sinulated effects of a three year
program of |ake fertilization wth no inprovenents in outm grant
survi val

Equilibrium values for total annual P-loading, nean annua
chl orophyl |l concentration and nunber of returning adults were
plotted for each of the first four managenent scenarios (Figure 3).
P-1oading and chlorophyl| were highest under the l[ake fertilization
simulation. The base-line sinmulations indicated that present lake
production and sockeye  survival estimates could produce
approxi mately 400 returning adult sal non. Doubl i ng nutrient
| oadi ng or doubling downstream survival of smblts had simlar
effects on the nunber of returning adult salnon, increasing these
val ues by approximately a factor of two. Doubl i ng downst ream
survival nore than doubled the nunber of returning adults in that
these additional returning adults increased P-loading and enhanced
chl orophyl | concentrations slightly. The nunber of returning adult
salnon was greatest in simulations where historic surviva
estimates were used. This sinulation indicated that approximtely
5500 adults could have returned to Redfish Lake before the dans
were constructed on the Colunbia and Snake Rivers. These returning
salnon allowed average P-loadings and resultant chlorophyl
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concentrations to increase approxinmately 10% over baseline
condi tions.

I n sinulations where P-|oading was doubled for three years,
chl orophyl | concentrations, sockeye outmgrants and returning adult
sockeye increased in a manner simlar to the previously described
simulations of |ake fertilization. After fertilization is stopped,
these values return to base conditions within eight years, assum ng
a water residence tine of three years. Results of these
simul ations suggest that a short-termlake fertilization program
would have little inpact on sockeye recovery wthout large
I mprovenents in sockeye survival rate.

Results of our simulations for Redfish Lake are qualitatively
simlar to Bowes and Cochnauer (1984) estinates of sockeye
production in Alturas Lake. In both nodels variation in surviva
had a much greater effect on adult returns than did effects of
fertilization. Both nodels indicate that inprovenents in mainstem
passage survival has a greater effect on adult escapenent than did
variations in rearing |ake environnents. Bowl es and Cochnauer
(1984) simulations indicate that maxi num adult escapenent in
Al turas Lake woul d not exceed 35 adults per hectare, whereas our
sinul ations suggest that potential adult escapenent to Redfish Lake
would be limted to 10 adults per hectare. These differences
derive from assunptions concerning the relationship between |ake
production and other conponents of the fish assenbl age. Bow es and
Cochnauer assune that kokanee popul ations would remain simlar to
previous conditions, but that piscivorous fish could be reduced
substantially. Qur sinulations examne the potential sockeye
production if no kokanee were present, but piscivores were present
I n abundances simlar to that of other Idaho |akes.

The simulation nmodel results provide three major conclusions.
First, that historic runs of sockeye salnon adults to Redfish Lake
may not have greatly exceeded nunbers reported fromthe 1950’s
(Bjornn et al. 1968). Secondly, continued accunulation of
addi ti onal marine-based nutrients from deconposition of returning
adult salrmon likely had small effects on |ake nutrient budgets
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given the relatively high natural nortality rates associated with
this long-distance mgrant population. And lastly, that inproved
survival of Redfish Lake sockeye sal non had greater effects on
sockeye production than did short-termincreases in nutrient
concentrations with a lake fertilization program

D scussi on
The simul ation nodel, based on relationshi ps anong phosphorus
| oading, chlorophyll, and kokanee production (rRieman and Mers
1992), indicated that low levels of nutrient fertilization in
Redfish Lake would have a relatively small inpact on chlorophyll
concentrations due to flushing rates and the departure of nutrients
with outm grating sal non. In these sinulations, the enhanced

production of juvenile 0. nerka that occurs with lake fertilization
is largely | ost because of high nortality of snolts during the
downstream mgrations. Geatest |ong-term production of sockeye
sal mon occurred in simulations where |ake fertilization was coupl ed
with inprovements in snolt survival

The relationship between chlorophyll concentration and
production of 0. nerka in |daho | akes (Rieman and Meyers 1992)
i ndi cates that anmbient chlorophyll levels in the Sawtooth Valley
Lakes coul d produce substantial nunbers of sockeye snolts. In
fact, production rates of 0. nerka in Redfish Lake cal culated from
their data suggested that 0.34 kg ha* was produced in 1990. This
was primarily kokanee production. This level of production is
i dentical to the nmean annual bi omass of sockeye sal non snolts
mgrating from Redfish Lake from 1956- 1966 when fish mgrations
were nonitored by Bjornn et al. (1968). The exact correspondance
of current 0. nerka production (largely kokanee) and past sockeye
snolt production is probably coincidental, as Bjornn et al.’s data
indicated a | o-fold range in the biomass of snolts |eaving the |ake
in a given year. Neverthel ess, the data does suggest that a
consi derabl e proportion of production that once yielded smolts, now
goes into kokanee production.
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The construction of eight dans on the Snake and Col unbi a
Rivers during the past 50 years has likely increased the abundance
of kokanee in these |akes. I ncreased nortality inposed on
anadronous strains of 0. nerka during this period caused decreases
in the nunbers of adult sockeye returning fromthe sea. Wth fewer
progeny from anadronous adults entering the |lakes, the natura
production potential |ikely was subsuned by kokanee popul ati ons.
G oss (1987) has provided a conceptual nodel of how changes in
nmortality or growh during various stages of a fish's life, can
favor anadrony or non-anadronmous life-history strategies. These
concl usi ons suggest that reductions in the recruitnment success of
kokanee popul ations, may facilitate the return the systemto pre-
1900 conditions and re-establish runs of anadronmous sockeye sal non
in the | akes.

Utimately, to restore the success of the anadronous life
history, increased survival of juvenile and adults during mainstem
passage nmust be achi eved. Efforts to enhance production of
juvenil e sockeye salnmon in the rearing | akes can work only as
stopgap neasures to elimnate further erosion of this endangered
popul ation. The potential successes of a broodstock program I ake
fertilization, or reduction of conpetitors or predators wll be
tenpered by problens facing sockeye salnmon snolts after they |eave
the rearing |akes and negotiate the dans on the Snake and Col unbi a
Rivers. Progress on mainstem passage problenms is required to all ow

sel f-sustai ni ng popul ati ons of anadronous sockeye sal non to exi st
in Sawtooth Valley Lakes.
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Results fromthe sanpling and field experinments conducted in
Sawt oot h Vall ey | akes and watersheds in 1993 provide five general
concl usi ons that have special relevance for recovery efforts of
endangered sockeye sal non. These conclusions relate to inter-
annual climate variation, the productivity of deep chlorophyll
| ayers, effects of nutrient additions on |ake productivity, effects
of tenperature and zoopl ankton variation on growh of juvenile O.
nerka, and overall fish production in the |akes.

Cimate effects on nutrient |oading and tenperature

Measurenents of the hydrol ogy and |imology of Sawtooth Valley
| akes and streans in 1992 and 1993 allow us to conpare effects of
variable precipitation on |ake structure and function. 1992 was
the |l ast year of a severe drought, providing the |owest runoff
recorded for several decades. The end of the drought in 1993
provi ded an average runoff year that resulted in both flows of
stream wat er and | oadi ng of nitrogen and phosphorus that were 2-3
times the values of 1992. This increased nutrient |oading resulted
in increased phosphorus and nitrogen concentrations of |ake water
during the spring overturn period. Increased nutrient
concentrations in spring and continued nutrient |oading from
streans throughout the summer allowed phytopl ankton biomass to
accrue nore rapidly in all of the lakes in 1993 conmpared to 1992.
This increase in phytoplankton occurred in spite of |ower surface
illumnation and cool er tenperatures in 1993.

Al t hough chl orophyl| concentrations were higher in 1993
conpared to 1992, biomass of crustacean zooplankton in the |akes in
1993 was sinilar or even |lower than biomass in 1992. The del ayed
devel opnent of summer zoopl ankton bi omass in several of the |akes
suggests that cooler water tenperatures nmay have reduced the
ability of crustacean populations to respond to |arger amounts of
avai | able food resources. The biomass of crustacean zoopl ankton
was strikingly reduced in Alturas Lake in 1993 conpared to 1992.
The increased abundance of snall planktivorous fish as estimated
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With acoustic surveys likely caused the collapse of these
zoopl ankton popul ations. Anbient fish densities in the other |akes
coupled with cool water tenperatures likely kept crustacean
zoopl ankton populations from responding to the increases in
phyt opl ankt on bi omass observed in 1993.

Productivity of deep chlorophyll |ayers

Li mol ogi cal  observations from 1992 indicated that the
majority of the chlorophyll present in the water colum occurred
bel ow the epilimion of each lake. At the tinme we specul ated that
phyt opl ankt on present in these col der darker regions of the |akes
m ght not be contributing nuch to primary production. Measurenent
of primary production in each of the lakes in 1993, however,
i ndi cated that phytoplankton populations in the nmetalimia were
growing and fixing carbon at rates not too different from
epi | i metic phytoplankton. | ndeed nost of the primary production
in each of the |akes occurred below the epilimion

These results suggest two points that inpinge on future
managenment activities. First, although the concentration of
primary producers in the lakes are low, they are distributed
t hrough a long water colum where light |evels are adequate for
phot osynthesis, and this may allow for higher |evels of carbon
fixation than m ght be expected based on epilimetic chlorophyl
level s. Nevertheless, integral rates of primary production in the
| akes were still extremely low.  Secondly, these deep chlorophyl
| ayers are providing production to regions of the | akes where
juvenile sockeye salnon would |ikely congregate.

Nutrient budgets, nutrient additions to limmocorrals, and the
potential forlake fertilization.

The nutrient budget anal yses for the |akes in 1992 indicated
that nost nutrients enter the |lake via streanflow and precipitation
to the |ake surface. Returning sockeye sal non nay have contri buted
substantial anounts of nitrogen and phosphorus to the | akes,
although the relative contribution is likely to be |ess than has
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been found in some other lakes. The loss of this nutrient source
may now make the Sawtooth Valley |akes less fertile than they were
under pristine conditions.

The limnocorral experiments cl early denonstrated that nutrient
additions would stimulate production of phytoplankton and
peri phyton in the |akes, and egg production in cladocera. Low
| evel s of nutrient additions to epilimetic waters nore than
doubl ed chlorophyl|l concentrations and primary production in
Redfish Lake and Pettit Lakes. H gh nutrient additions further
i ncreased chl orophyl|l concentrations, but also reduced water
t ransparency. H gher abundances of phytopl ankton allowed
cl adoceran zoopl ankton to produce nore eggs in |limocorrals that
received nutrient additions.

Results of the Pettit Lake Iimmocorral experinent indicated
that additions of nitrogen and phosphorus to the netalimion of the
| akes would have a simlar stinulating effect on phytopl ankton
popul ations as woul d epilimetic nutrient additions, and would have
a reduced effect on decreases in water transparency. Wole water

col um chl orophyl |, phytopl ankton bi ovol ume, primary production and
cl adoceran egg production were all greater in the netalimetic
nutrient additions conpared to epilimetic treatnents. These

increases in neasures of |ake productivity were acconpani ed by
generally greater Secchi depth transparency in netalimetic
conpared to epilimetic nutrient additions. These results suggest
that a netalimetic fertilization would |ikely be nore benefical
than would an epilimetic fertilization. Additionally, if the |ake
surface were fertilized, it would stinulate algal growh in the
epi limion and this woul d shade |ikely shade the deep chl orophyl |
| ayer and curtail production there.

Although nutrients stimulated algal producti on, wat er
transparencies in the fertilized treatnents was generally simlar
to those occuring in the |akes during the spring and fall, and were
greater than transparencies of many |akes used for fishing and
recreation in Idaho (R eman and Meyers 1992). Consequently, the
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productivity of the lakes can likely be substantially increased
wi t hout conprom sing recreation use in the area.

Al t hough out 1992 and 1993 experinents clearly denonstrated a
positive effect of nutrients on algal production, we have not yet
shown that this production is transfered to zoopl ankton and sal non.
Several factors may have confounded our results and nmde it
difficult to detect any increases in zooplankton and fish growt h.
In the Redfish Limocorral experinment, fish densities and the
resultant predation pressure on the plankton may have been too
great to allow zooplankton populations to respond, despite the
hi gher egg production of the <cladocera in the fertilized
treat ments.

This hypothesis is supported by the inverse relationship
bet ween kokanee densities in the corrals and their growh, and by
the negative correlation of zooplankton biomass with the density of

age-0 kokanee remaining in the limocorrals at the end of the
experi nent. Limocorrals with high fish density contained |ow
zoopl ankt on bi onmass. Pl anktivory by these juvenile kokanee may
have had a greater effect on zoopl ankton popul ation dynam cs than
did effects of increased food resources. This effect could be
particularly powerful if the fish preyed selectively on the |arger
egg- bearing cl adocerans. These results indicated that at fish

densities present in the Redfish |imocorrals (approximately tw ce
the fish biomass present in the upper 30 mof the |ake) cladocerans
popul ations may not be capable of increasing in response to
nutrient additions.

Wth the high variability between replicate treatnents, it was
not possible to determne if Zooplankton bi omass in the Pettit Lake
limocorrals responded to nutrient additions. Vari able and
unfortunately unknown abundances of planktivorous fish may have
reduced the ability of zooplankton populations to respond to
increased levels of algal biomass as we have suggested occurred in
Redfish Lake |imocorrals. The relatively high densities of large-
bodi ed cl adocer ans, however, suggest  that levels of fish
pl anktivory were |low during the Pettit |imocorral experinent.
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These observations suggest that factors other than fish and
phyt opl ankt on bi omass coul d regul ate zoopl ankton biomass in Pettit

Lake. One possibility is that the phytoplankton taxa stinul ated
the nost by nutrient additions were inedible to the dom nant
zoopl ankt on taxa present. Exam nation of phytoplankton taxa in the
different treatnents indicated that nost of the increased biovol une
occurred in diatons. G ven that the diatons we observed are
suitable food for cladocerans (Infante and Litt 1985), we concl ude
that the lack of response of zooplankton biomass to nutrient
additions was not entirely due to increases in inedible or toxic
al gae. For whatever reasons, the lack of response of zoopl ankton
biomass to nutrient addition in both the Pettit and Redfish
limnocorral experiments suggests that using nutrient additions to
enhance zoopl ankton may be problematic in Sawooth Valley |akes.

Addi tional experinments planned for the summer of 1994 should help
to clarify this question.

Tenperature and zoopl ankton effects on fish growth

Juvenile 0. nerka placed in experinental net pens in Redfish
and Stanl ey Lakes exhibited highly variable rates of growh. In
the | ow food environment of Redfish Lake, growth was slow and water
temperature had little effect on fish growth. In the high food
environment of Stanley Lake, growth rate was generally higher and
wat er tenperature had a pronounced effect on fish growh. Juvenile
fish grew nuch nore rapidly in warmepilimetic waters conpared to
meta- and hypolimetic waters.

These results may partially explain the depth distributions
and growth patterns of kokanee in the |akes. I'n poor food
environments, |ike Alturas and Redfish Lakes, zoopl ankton food
resources are linmting and thus depth (and correspondingly
tenperature) distribution has less effect on a fish's growth
potential . In these lakes fish nmay remain in deep water during
both day and night periods without sacrificing gromh. Aturas
Lake kokanee may be one exanple of this type of response in that
nighttime acoustic targets were nost dense at 20-25 m where water
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temperatures were 5°C. In high food environments, like Pettit and
Stanley Lakes, depth distribution would have a large effect on
potential growth of juvenile 0. nerka as tenperature appears to
limt fish growth. These results may explain the higher densities
of fish present in epi- and meta-limnetic waters in these two
| akes.

The interactions of tenperature and avail abl e zoopl ankton food
resources on QFO\Mh of juvenile 0. nerka suggest t hat managenent
strategies for stocked sockeye sal non should differ anong | akes.
In Iakes with | ow zoopl ankton bionass, efforts to enhance
zoopl ankton production (like lake fertilization) should result in
i ncreased production of juvenile sockeye salnon. |n a systemwith
hi gh zoopl ankton food resources, |ike Stanley Lake, enhancenents of
zoopl ankton production nmay have little effect on sockeye growth if
t he presence of piscivores restricts the distribution of juvenile
sockeye to colder waters. Reductions of piscivore density might
have a greater effect on individual growth and cohort production in
t hese | akes.

The reasonabl e correspondence between the growth of juvenile
kokanee in net pens and predictions fromthe sinul ati on node
I ndi cated that this nodel can be used as a nanagenent tool to
assess production potential of introduced sockeye salnon in
Sawtooth Valley Lakes. The strong interaction between tenperature
and food availability in both field and nodel results indicates
that these two |imol ogical paraneters will be nost inportant in
assessing habitat suitability of the rearing | akes for juvenile
sockeye sal non.

Fi sh production anong the lakes

Empirical and sinulation nodels suggest that the Sawt ooth
Val l ey |akes could support a substantial biomass of juvenile
sockeye sal non. Presently nuch of that production potential is
used to support kokanee popul ati ons. Results from sinul ati on
nmodel s indicate that lake fertilization could increase the
production potential of the lakes, but that the increase would be
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short-lived once |ake fertilization ceased given the relatively low
wat er residence times in the |lakes and the [ow potential for marine
nutrients to contribute substantially to the |akes' nutrient

income. The present |low snolt-adult survival rates indicates that

the nutrient |loss due to outmgrating sockeye sal non exceeds the
anount of nitrogen and phosphorus that enters the |akes with
returning adult salnon. Salnon would only be able to enrich their

rearing environnments if survival rate greatly exceeds the ratio of

smolt:adult wei ght. The higher pre-dam estimtes of snolt-adult

survival allow for sone net accunmulation of nutrients fromthe
ocean, but results fromthe simulation nodel suggest that this
increase in nutrients would only be on the order of 10%  These
results suggest that Redfish Lake historically supported a
popul ation of sockeye salnmon that was not nore- than an order of

magni tude greater than nunmbers of returning adults reported from
the 1950’s, with lake nutrient and chlorophyll concentrations that

were not dramatically different from present day val ues.
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Appendi x 1.

Nutrient analyses of |akes and streans
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Lake Redfish

All values are in ug/\. except TN TP ratio. which is by weght
TN = NOG3-N + TKN

Daw Depth ™ SAP  NO3-N NH4-N TKN TN INTP
10-May-92 C-8m 6 2 84 86 11
31-May-92 0-86m 7 <20 47 56 8
12-Jun-92  0-8m 7 24 3 32 35 s
29-un-92  2-6m 7 <20 2 F--] 3t 4
09-Jul-92 0-8m [} 27 5 38 43 7
22-Jui-92 0-6m 4 <20 7 20 {4 7
01-Aug-92  0-6m 3 <29

C1-Aug-92 20m 3 <29

01-Aug-92 75m 32 <20

11-Aug-92  0-8m [ <20 1" 66 n 12
&5-Aug-92  03-8m 42 [ 63 69 3
08-Sep-92 0-6m 19 <20 1 45 56 ]
18-Sep-92 0-6m 10 <20 12 45 57 s
11-Oct-92  0-8m L] 27 3 3 3 4
18-Nov-92  0-6m 5 <20 9 34 9
21-Mar-¢3  0-6m 16 <20 10 3 73 a3 5
21-Mar-93  Om 19

21-Mar-93  10m 5 <20 S 15 53 58 12
21-Mer-83  S0m 12 <29

21-Mar-93  80m ] <20 30 9 59 89 14
16-May-93  0-8m 10 [} s5 63 [
16-May-93  30m 7 S 4 L) H4
16-May-93  70m 8 7 a0 47 ]
01-Jun-93  0-6m 12 [} [ ] 88 [ ]
10-Jun-83  0-8m . 43 1 1 ] 81
10-Jun-93  15m 5 <20 ] L)

10-Jun-93  22m 3 <20 1 9 55 56 17
10-Jun-93  30m 4 <20 9 47

10-Jun-93  40m 4 <20 1 S

10-Jun-93  50m 4 <20 [} 4

10-Jun-93  60m 4 <20 1 8

10-Jun-93  82m 24 <20 17 8 65 83 4
21-Jun-93  0-8m 9 <20 1 9 67 68 7
09-Jul-83  0-6m 7 <20 2 3 53 55 8
08-Jui-93 22m S <20 1 o 65 o8 13
09-ui-93  88m <20 8 4

2-Jul-93 0-6m 4 1 83 (2] 18
06-Aug-93 0-8m 3 <20 s 10 a3 68 -]
06-Aug-93  24m 4« <20 2 1 [ [ 15
08-Aug-93  84m 2 <20 248 10 53 9 m
03-Sep-93  0-8m q <20 1 1 7 48 7
03-Sep-93  24m 7 <20 1 1 32 33 S
03-Sep-93  84m -3 <20 10 15 n 81 15
15.Sep-93 0-6m 5 1 88 87 14
06-Oct83  0-8m 5 <20 1 4 L] 15
08-Oct-93 315m 4 <20 0 2 2 7
08-Oct-93  86m 17 <20 48 4 59 108 ]
07-Nov-83  0-6m S 1 3 32 ]
J7-Nov-93 26 5m 5 1 34 35 8
04-Dec-93 0-8m L) 38 3] 99 2
04-Dec-93  85m L] 3%



stream Fishhook Creek

All values are inug/L, except TN TP ratio.
which s by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN T N TNTP
26-Mar-92 8

11 -May-92 7 30 52 82 12
20-May-92 19 38

25-May-92 10 18 78 96 10
31 -May-92 12 23

12-Jun-92 14 22

19-Jun-92 9 8 31 39 4
29-Jun-92 15 18 102 120 8
09-Jul-92 8 14 42 56 7
21-~Jul-92 9 1 44 55 8
10-Aug-92 9 11 60 71 8
24-Aug-92 15 5 60 65 4
11-Sep-92 12 5 56 61 5
13-Sep-92 18 1

1 s-sop-92 19 2

18-Sep-92 19 2

22-Sep-92 11 3 48 51 5
25-Sep-92 17 1

1 O-ml-92 4 51 55 6
18-Nov-92 9 23 52 75 8
19-Apr-83 11 8 82 920
03-May-93 19 7 97 104 5
12-May-93 42 14 425 439 10
16-May-93 31 27 256 263 9
17-May-93 159 18 1499 1517 10
22-May-93 14 25 23 48 4
01 Jun-93 5 24 170 194 41
08-~Jun-93 11 23 102 125 12
20-Jun-93 a7 12 205 217 5
22Jun-93 17 13 172 185 11
01 Jul-93 8 13 50 63
14-Jul-83 12 11 39 50 4
23-Jul-83 3 8 119 127 44
01-Aug-93 7 13 75 88 13
08-Aug-93 5 9 59 68 15
14-Aug-93 13 12 95 107 8
22-Aug-93 9 16 56 72 8
28-Aug-93 4 18 75 93 26
04-Sep-93 8 14 114 128 17
11-Sep-93 5 15 58 73 14
18-w-93 10 13 46 59 6
08-Oct-93 8 [} 34 40

08-Nov-83 10 36 34 70 7



Stream: Redfish Lake Creek Inflow

All values are in ug/L, except TN:TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN:TP
26-Mar-92 7

13-May-92 6 32 21 53 9
25-May-92 9 43 21 64 7
31-May-92 6 44

12-Jun-92 5 49

19-Jun-92 9 19 38 57 6
29-Jun-92 39 35 130 165 4
09-Jul-92 7 42 21 63 9
22-Jul-92 8 33 25 58 7
01-Aug-92 19 44

10-Aug-92 7 37 19 56 8
24-Aug-92 9 34 18 52 6
13-Sep-92 7 24 12 36 5
18-Sep-92 7 36 6 42 6
11-Oct-92 6 31 25 56 9
18-Nov-92 7 66 2 68 10
21-Mar-93 7 44 15 59 9
19-Apr-93 4 50 12 62 16
16-May-93 13 28 103 131 10
22-May-93 5 32 97 129 25
01-Jun-93 7 33 75 108 15
07-Jun-93 9 31 46 77 9
10-Jun-93 10 31 44 75 7
14-Jun-93 7 35 44 79 12
23-Jun-93 10 35 44 79 8
09-Jul-93 5 6 70 76 16
10~Jul-93 3 49 50 99 34
17-Jul-93 3 39 31 70 23
23-Jul-93 7 30 39 69 10
01-Aug-93 9 45 57 102 12
08-Aug-93 4 34 54 88 25
16-Aug-93 6 23 63 86 14
22-Aug-93 6 49 42 91 15
28-Aug-93 9 45 24 69 8
05-Sep-93 5 39 106 145 30
14-Sep-93 2 40 24 64 27
08-Oct-93 4 47 21 68 16
07-Nov-93 5 81 11 92 19



Lake:

Alturas

All values are in ug/L. except TN:TP ratio. which is by weight.
TN = NO3-N + TKN

Date Depth TP SAP NO3-N NH4-N TKN TN TP
09-May-92 0-6m 10 28 2 72 74 7
30-Jun-92 0-6m 7 <20 2 55 57 8
20-Jul-92 0-6m 9 <20 14 70 84 9
30-Jul-92 0-6m 6 <20 2

30~Jul-92 13m 96 <20 4

30-Jul-92 48m 45 <2.0 2

10-Aug-92 0-6m 7 <2.0 1 89 90 12
19-Sep-92 0-6m 7 <20 3 78 81 12
10-Oct-92 0-6m 9 <2.0 4 79 a3 9
22-Mar-93 0-6m 7 2.0 12 66 74 86 12
22-Mar-93 10m 7 29 9 32 49 58 8
22-Mar-93 46m 8 35 35 4 27 62 8
17-May-83  0-6m 18 7 80 87 6
17-May-93 25m 9 3 69 72 8
17-May-93  45m 7 2 47 49 8
23-May-93  0-6m 7 1 81 82 12
09-Jun-93 0-6m 10 20 2 1 77 79 8
09-Jun-93 10m 7 <20 1 6

09-Jun-93 18m 6 <20 2 7 86 88 16
09-Jun-93 25m 6 <20 0 S

038-Jun-93 35m 8 <20 1 8

09-Jun-93 45m 14 24 21 1 68 89 7
23-Jun-93 0-6m 14 2 170 172 12
08-Jui-93 0-6m 8 <2.0 10 3 100 110 14
08-Jul-93 18m 7 <20 60 2 93 153 22
08-Jul-93 45m 8 26 52 53 105 13
22~Jul-93 0-6m 9 1 73 74 8
05-Aug-93 0-6m 7 <20 2 3 67 69 10
05-Aug-93 24m 8 <20 2 1 21 23 3
05-Aug-93 45m 13 20 22 2 47 69 5
02-Sep-93  0-6m 5 <20 1 2 54 55 11
02-Sep-93 21m 6 <20 1 2 61 62 11
02-Sep-93 48m 7 3.7 5 1 70 75 11
16-Sep-93 0-6m 7 50

09-Oct-93 0-6m 5 <2.0 1 4 130 131 27
09-Oct-93 23m 6 <20 1 4 82 83 13
09-Oct-93 45m 6 <20 1 3 66 67 11
06-Nov-93 0-6m 7 1 94 95 13
06-Nov-93 20m 6 1 76 77 12
06-Nov-93 47m 8 1 73 74 9
05-Dec-93 0-6m 8 1 57 58 8
05-Dec-93 16m 9 1 82 83 9
05-Dec-93 47m 7 1 55 56 8



Stream: Alturas Inflow

All values are in ug/L, except TN:TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN:TP
22-Mar-93 6 24 70 94 15
23-Apr-93 8 24 48 72 9
04-May-93 34 18 80 98 3
13-May-93 27 20 194 214 8
17-May-93 29 15 154 169 6
23-May-93 17 13 96 109 6
01 -Jun-93 9 7 160 167 19
13-Jun-93 5 4 44 48 10
23-Jun-93 10 6 54 60 6
01 -Jul-93 8 4 54 58 7
10-Jul-93 6 3 58 61 10
13-Jul-93 5

17-Jul-93 7 10 21 31 4
23-Jul-93 6 4 57 61 10
01 -Aug-93 8 11 49 60 7
08-Aug-93 5 6 47 53 10
14-Aug-93 8 8 38 46 6
21 -Aug-93 4 6 35 41 10
28-Aug-93 9 11 40 51 6
04-Sep-93 5 10 101 111 24
11 -Sep-93 5 15 57 72 14
18-Sep-93 5 14 30 44 10
O4act-93 5 11 33 44 9
06-Nov-93 7 30 25 55 8



Lake Pettt

All values are in ug/L. except TN TP rato,which 1s by waight
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TN TN TN TP
09-May-92 0-6m 3 <20 3 84 87 10
30-May-92 0-6m 4 <20 1 91 102 27
30-Jun-92 0-6m 4 <20 4 63 67 19
30-Jul-92  0-6m s <20 2 94 96 21
30-Jul-92 11im 4 <20 2

30-Jul-92 4a7m 10 <20 20

10-Aug-92 0-6m 7 29 4 82 86 12
19-Sep-92 0-6m 8 22 4 84 88 11
10-Oct-92  0-6m 6 3as 4 82 86 15
19-Mar-93  0-6m 3

19-Mar-93  Om 5 <20 21 39 110 131 28
19-Mar-93 20M 3 20 s 79 100 110 o)
19-Mar-93  46m 14 72 19 253 231 250 17
17-May-09)-64-n 9 s 104 109 12
17-May-93  25m 2 3 76 el 46
17-May-93  45m 6 S8 74 132 24
23-May-83  0-6m 7

09-Jun-93  0-6m 10 <20 3 4 o7 100 10
09-Jun-33  15m 4 <20 0 4 90 90 25
09-Jun-93 22m 3 <20 10 14

03-Jun-93  30m 4 <20 [+ 3

09-Jun-93 40m 6 <20 0 4

09-Jun-93 47m 5 <20 55 106 136 191 36
23-Jun-93  0-6m 6 2 45 a7 8
08-Jul-93  0-6m 4 3 a 80 83 23
08-Jul-83  175m 4 21 1 79 100 27
08-Jul-93  45m 14 <20 a“ 12 s 119 8
22-0ul-93  0-8m 7 1 66 67 10
05-Aug-93 0-6m 7 <20 2 2

05-Aug-93 24m 6 <20 3 2

05-Aug-93  45m 5 <20 59 69

02-Sep-93 0-6m 3 26 1 2 38 3g 14
02-Sep-S3  23m 2 <20 t 1 61 62 29
02-Sep-33  45m 6 <20 89 16 104 193 30
16-Sep-93 0-6m 4 0 92 92 24
16-Sep-93 48m 12

09-Oct-83  0-6m 9 2.0 1 3 65 66 8
09-Oct-93  25m 3 <20 1 2 66 87 22
09-Oct-93  45m 6 <20 2 ] 149 151 25
08-Nov-83  0-6m 6 s 162 167 28
06-Nov-93  24m 5 [¢] 85 85 16
08-Nov-83  48m 11 ] 278 283 25




Stream: Pettit North Inflow

All values are in ug/L, except TN:TP ratio,

which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN:TP
28-Apr-93 13 60 53 113 9
05-May-93 10 26 52 78 8
15-May-93 9 22 117 139 16
23-May-93 5 20 85 105 22
01 -Jun-93 7 23 21 44 6
08-Jun-93 8 13 70 83 11
16-Jun-93 6 15 78 93 15
23-Jun-93 8 21 91 112 15
01 -Jul-93 3 17 54 71 24
10-Jul-93 3 9 79 88 33
17-Jul-93 3 12 91 103 34
23-Jul-93 6 10 94 104 18
01 -Aug-93 4 17 48 65 18
08-Aug-93 2 18 4 59 27
14-Aug-93 3 12 88 100 33
21 -Aug-93 2 13 67 80 33
28-Aug-93 10 22 61 83 8
04-Sep-93 13 22 76 98 8
11-Sep-93 4 28 87 115 32
18-Sep-93 3 25 56 81 25
09-Oct-93 6 18 60 78 13
06-Nov-93 5 64 48 112 25



Stream: Pettit South Inflow

All values are in ug/L, except TN:TP ratio,

which is by weight.
TN = NO3-N + TKN

Date TP NO3N TKN TN TN:TP
28-Apr-93 6 52 21 73 12
05-May-93 10 48 67 115 11
15-May-93 8 14 116 130 17
23-May-93 5 17 78 95 21
01 -Jun-93 4 16 56 72 19
08-Jun-93 4 10 87 97 26
16-Jun-93 3 12 45 57 19
23-Jun-93 3 15 68 83 28
01 -Jul-93 4 14 97 111 31
10-Jul-93 5 9 71 80 17
17-Jul-93 4 12 47 59 15
23-Jul-93 4 9 01 100 26
01 -Aug-93 3 10 110 120 39
08-Aug-93 3 12 115 127 46
14-Aug-93 2 16 42 58 27
21 -Aug-93 2 14 66 80 52
28-Aug-93 4 16 60 76 17
04-Sep-93 11 22 83 105 9
11-Sep-93 6 23 104 127 21
18-Sep-93 3 16 13 29 10
09-Oct-93 6 18 111 129 22
06-Nov-93 4 48 12 60 15



Lake

Stanley

All values are in ug:L except TN TP -atio whick is Dy wesght

TN = NC3-N « TKN

Cate Ceoth M SRR NT3-N NH4-N TKN TN NP
13-May-32 J3-6m K <22 3 g9 122 9
31-May-92 0-6m 1C <23 7 4 78 35 9
29-Jun-92 0-6m 5 <20 5 60 65 19
21-Jul-92  0-6m 5 <2C 3 r4l 74 13
31-Ju-g2 0-6m 4

31 -Jut-92 9m 3

31Ju-92 23m S

24-Aug-92 0-6m 15 34 4 14C 144 10
18-Sep-92 0-6m 7 34 2 7C 72 10
10-Oct-92 0-6m S 21 3 g1 S4 19
20-Mar-93 Om 20 9 280 289 14
20-Mar-93 0-6m 41 50 10

20-Mar-G3 11m S <290 22 8 63 91 17
20-Mar-93 23m a <290 S8 37 114 172 43
16-May-93 0-6m 16 " 156 167 10
16-May-93 15m 8 5 108 114 14
16-May-93 20m 15 10 88 98 7
22-May-93 0-6m 10 7 133 140 14
10-Jun-93 0-6m 16 <20 3 39 93 96 6
10-Jun-93 tOm 6 <2¢ 4 2 117 121 19
10-Jun-93 13m 7 <20 1 S

10-Jun-93 15m 4 26 3 S

10-Jun-93 17m 3 25 2 S

10-Jun-93 21m 5 <20 8 S 98 106 22
24-Jun-93 0-6m 6 2 99 101 16
09-Jul-93  0-6m 6 <20 2 1 68 70 12
09-Jui-93  13m 7 <290 7 4 84 91 13
09-Jul-83  24m 7 <20 Al 17 108 129 18
23-Jul-93  0-6m 6 1 75 76 13
06-Aug-93 0-6m 5 26 8 12 80 88 20
06-Aug-33 15m 5 20 7 10 74 81 15
06-Aug-93 23m 6 52 10 60 112 18
03-Sep-93 0-6m 3 24 1 3 61 62 18
23-Sep-93 16m 5 <20 6 3 75 81 16
03-Sep-93 23m 6 <20 62 3 59 121 21
16-Sep-93 0-6m 7 1 61 62 9
10-Oct-93 0-6m 4 <20 1 3 63 64 15
10-Oct-93 17m 5 20 1 3 54 65 12
10-Oct-93 21m 3 <20 76 5 59 135 39
07-Nov-93 0-6m 5 1" 107 118 25
07-Nowv-93 tam 7 12 57 69 10
07-Nov-93 22m 7 13 62 75 11
17-Dec-93 0-6m 8

17-Dec-93 10m 7

17-Dec-93 23m 5



Stream: Stanley Lake Inflow

All values are in ug/L, except TN:TP ratio,

which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN:TP
20-Mar-93 3

18-Apr-93 6 21 47 68 12
03-May-93 9 27 87 114 12
13-May-93 75 38 * 45 |
16-May-93 35 18 278 296 8
22-May-93 24 17 123 140 6
01 -Jun-93 11 13 64 77 7
08-Jun-93 7 13 65 78 11
16-Jun-93 7 10 49 59 9
24-Jun-93 8 12 61 73 9
02-Jul-93 6 11 69 80 14
10-Jul-93 2 9 37 46 19
17-Jul-93 2 22 26 48 31
23-Jul-93 8 9 45 54 7
01 -Aug-93 7 2 94 96 15
08-Aug-93 7 14 38 52 8
14-Aug-93 3 10 50 60 19
21 -Aug-93 7 16 58 74 10
28-Aug-93 4 11 135 146 33
04-Sep93 3 16 47 63 25
11-Sep-93 6 11 43 54 10
18-Sep-93 5 13 15 28 6
10-Oct-93 4 13 7 20 5
06-Nov-93 6 23 2 25 4




Lake: Yellow Belly

All values are in ug/L. except TN: TP ratio. which is by weight.
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TKN TN TN:.TP
09-May-92 0-6m 9 2.2 5 69 74 9
31-Jul-92 0-6m 7 <2.0 13 96 109 15
31-Jul-92 10m 4 <2.0 10 o]
31-Jul-92  20m 5 3.2 8 0
24-Aug-92 0-6m 9 3.7 1 100 111 13
20-Sep-92 0-6m 8 40 8 138 146 17
22-Mar-93 0-6m S <2.0 15 76 91 18
22-Mar-93 10m 21 <2.0 1 58 59 3
22-Mar-93 21m 4 <20 3 114 117 32
11Jun-93 0-6m S 23 6 40 100 106 22
11Jun-93 10m 7 <2.0 5 0

11Jun-93 14m S <2.0 4 143 147 28
11Jun-93 17m 3 <2.0

11-Jun-93 19m 4 22

11Jun-93 21m 3 <2.0 18 62 170 188 57
12~Jul-93  0-6m 5 2.0 9 6 64 73 15
12-Jul-93 15m 8 3.0 14 27 210 224 27
12-Jul-93 21im S 20 10 67 232 242 51
09-Aug-93 0-6m 6 <2.0 4 1 53 57 9
09-Aug-93 15m 4 <2.0 15 3 122 137 37
09-Aug-93 21m 4 <2.0 17 70 188 205 58
09-Sep-93 0-6m 1 <2.0 1 3 77 78 71
09-Sep-93 18m 7 <2.0 14 45 136 150 21
09-Sep-93 21m 11 <2.0 14 103 187 201 18
Stream: Yeliow Belly inflow

All values are in ug/L, except TN:TP ratio.
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN TP
22-Mar-93 6 36 39 75 12
27-Apr-93 12 21 60 81 7
05-May-93 11 16 a3 109 10
11-Jun-93 8 20 65 85 11
12~Jul-93 5 12 158 170 33
09-Aug-93 9 12 49 61 7
08-Sep-93 6 23 149 172 29



Lake Redfish

All values are 1n ug/L, except TN TP ratowhich i1s by wesght
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TKN IN TN TP
10-May-92 0-6m 6 2 64 66 1
25-May-92 0-6m 5

25-May-92 15m 7

25-May-92 30m 5

25-May-92 80m 7

31-May-92 0-6m 7 <20 9 a7 56 8
12-Jun-92 0-6m 7 24 3 32 as 5
29-Jun-92 0-6m 7 <20 2 29 3 4
09-Jui-g2  0-6m 6 27 5 38 43 7
09-Jul-92  14m 6

09-Jul-92  35m 9

09-Jul-92  80m 5

22-Jul-92  0-6m a <20 7 20 27 7
01-Aug-92 0-6m 3 <20

01-Aug-92 20m 3 <20

01-Aug-92 75m 32 <20

11-Aug-92 0-6m 6 <20 1 66 77 13
11-Aug-92 12m 9

1 1-Aug-92 35m 5

11-Aug-92 79m s

25-Aug-92 0-6m 25 42 63 69 3
08-Sep-92 0-6m 10 <20 11 as 56 6
08-Sep-92 15m 10

08-Sep-92 28m 9

08-Sep-92 84 5m 13

18-Sep-92 0-6m 10 <20 12 45 s7 6
11-Oct-92 0-6m 8 27 3 a1 34 4
11-Oct-92 30m 6

11-0ct-92 85m 1

18-Nov-92 0-6m 5 <20 9 34 43 9
21-Mar-93  0-6m 16 <20 10 3 73 83 5
21-Mar-93  Om 19

21-Mar-93  10m 5 <20 5 15 53 58 12
21-Mar-g3 50m 12 <20

21-Mar-93  80m 6 <20 30 9 59 89 14
16-May-93 0-6m 10 8 ss &3 6
16-May-93 30m 7 s 43 48 7
16-May-93 70m 8 7 40 a7 6
01Jun-g3 0-6m 12 o 68 68 6
10~Jun-93 0-6m . 43 1 1 80 81
10-Jun-93  15m 5 <20 0 4

10-Jun-83  22m 3 <20 1 0 55 56 17
10-Jun-g3  30m 4 <20 9 a7

10-Jun-93  40m 4 <20 1 5

10Jun-93 50m 4 <20 0 4

10-Jun-93  60m 4 <20 1 8

10-Jun-93  82m 24 <20 17 8 68 83 4
21Jungd 0-6m 9 <20 1 o 67 68 7
09-Ji-93  0-6m 7 <20 2 3 53 ss 8
09-Jui-g3  22m s <20 1 o 65 66 13
09-Jui-93  88m <20 8 4

23-0ul-93  0-8m 4 1 & 64 16
06-Aug-93 0-6m 3 <20 5 10 6 68 20
06-Aug-93 24m 4 <20 2 1 64 68 15
06-Aug-93 B84m 2 <20 246 10 s3 209 17N
03-Sep-93 0-6m 6 <20 1 1 47 48 7
03-Sep-93 24m 7 <20 1 1 32 33 s
03-Sep-93 84m s <20 10 15 7 81 15
15-Sep-93 0-6m s 1 66 67 14
08-Oct-93 0-6m 5 <20 1 4 68 69 15
08-Oct-93 31.5m 4 <20 o 2 29 29 7
08-Oct-93 86m 17 <20 46 14 58 105 6
07-Now-63 0-6m s 1 31 32 8
07-Nov-63 26 5m s 1 34 35 8
04-Dec-93 0-6m 5 38 81 ) 22
04-Dec-93 85m ] 38



Stream: Fishhook Creek

All values are in ug/L, except TN:TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN T N TNTP
26-Mar-92 8

11-May-92 7 30 52 82 12
20-May-92 19 38

25-May-92 10 18 78 98 10
31 -May-92 12 23

12-Jun-92 14 22

19 Jun-92 9 -8 31 39 4
29 Jun-92 15 18 102 120 8
09 Jul-92 8 14 42 58 7
21 Jul-92 9 11 44 55 8
10-Aug-92 9 11 80 71 8
24-Aug-92 15 5 80 85 4
11 -sep-92 12 5 58 81 5
13-Sep-92 18 1

16-Sep-92 19 2

18-Sep-92 19 2

22-Sep-92 11 3 48 51 5
25-Sep-92 17 1

1 o-act-92 4 51 55
18-Nov-92 9 23 52 75 8
19-Apr-93 11 8 82 90 8
03-May-93 19 7 97 104 5
12-May-93 42 14 425 439 10
16-May-93 31 27 258 283 9
17-May-93 159 18 1499 1517 10
22-May-93 14 25 23 48 4
01 Jun-93 5 24 170 194 41
08 Jun-93 11 23 102 125 12
20 Jun-93 47 12 205 217 5
22 Jun-93 17 13 172 185 11
01~Jul-93 8 13 50 83 8
14 Jul-93 12 11 39 50

23 Jul-93 3 8 119 127 44
01-Aug-93 7 13 75 88 13
08-Aug-983 5 9 59 88 15
14-Aug-93 13 12 95 107 8
22-Aug-93 9 18 58 72 8
28-Aug-83 4 18 75 93 28
04-Sep-93 8 14 114 128 17
11-Sep-93 5 15 58 73 14
18-Sep-93 10 13 48 59 8
08-Oct-93 8 8 34 40 5

06-Nov-93 10 38 34 70 7



Stream: Redfish Lake Creek Inflow

All values are in ug/L, except TN:TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N TKN TN TN:TP
26-Mar-92 7

11-Apr-92 10 11

13-May-92 6 32 21 53 9
25-May-92 9 43 21 64 7
31-May-92 6 44

12-Jun-92 5 49

19-Jun-92 9 19 38 57 6
29-Jun-92 39 35 130 165 4
09-Jul-92 7 42 21 63 9
22~Jul-92 8 33 25 58 7
01-Aug-92 19 44

10-Aug-92 7 37 19 56 8
24-Aug-92 9 34 18 52 6
13-Sep-92 7 24 12 36 5
18-Sep-92 7 36 6 42 6
11-Oct-92 6 31 25 56 9
18-Nov-92 7 66 2 68 10
21-Mar-93 7 44 15 59 9
19-Apr-93 4 50 12 62 16
16-May-93 13 28 103 131 10
22-May-93 5 32 97 129 25
01-Jun-93 7 33 75 108 15
07-Jun-93 9 31 46 77 9
10-Jun-93 10 31 44 75 7
14-Jun-93 7 35 44 79 12
23~Jun-93 10 35 44 79 8
09-Jjul-93 5 6 70 76 16
10-Jul-93 3 49 50 99 34
17-Jul-93 3 39 31 70 23
23-Jul-93 7 30 39 69 10
01-Aug-93 9 45 57 102 12
08-Aug-93 4 34 54 88 25
16-Aug-93 6 23 63 86 14
22-Aug-93 6 49 42 91 15
28-Aug-93 9 45 24 69 8
05-Sep-93 5 39 106 145 30
14-Sep-93 2 40 24 64 27
08-Oct-93 4 47 21 68 16
07-Nov-93 5 81 1 92 19



Lake Alturas

All values are in ug/L, except TN TP ratio, which is by wesght
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TKN TN TN.TP
09-May-92 0-6m 10 28 2 72 74 7
24-May-92 0-6m S

24-May-92 15m 7

24-May-92 44m 14

30-May-92 0-6m 6

20-Jun-92 0-6m 7

30-Jun-92 0-6m 7 <20 2 55 57 8
10-Jui-92 o-6m 6

10-Jud-92 16m 6

10-Jui-92 40m 8

20~Jul-92 0-6m 9 <20 14 m 84 9
0-Jul-92 0-6m 6 <20 2

30-Jul-92 13m 96 <20 4

30-Jul-92 48m 45 <20 2

10-Aug-92 0-6m 7 <20 1 89 90 12
10-Aug-92 10m 8

10-Aug-92 45m 15

25-Aug-92 0-6m 7

09-Sep-92 0-6m 10

09-Sep-92 25m 8

09-Sep-92 48m 8

19-Sep-92 0-6m 7 <20 3 78 81 12
10-Oct-92 0-6m 9 <20 4 9 83 9
10-Oct-92 18m 16

10-Oct-92 48m 15

22-Mar-33 0-6m 7 20 12 66 74 86 12
22-Mar-93 10m 7 29 9 32 49 58 8
22-Mar-93 46m 8 35 35 4 27 62 8
17-May-93 o-6m 15 7 80 87 6
17-May-93 25m 9 3 69 72 8
17-May-93 45m 7 2 47 49 8
23-May-93 0-6m 7 1 81 82 12
09-Jun-93 0-6m 10 20 2 77 79 8
09-Jun-93 10m 7 <20 1 6

09-Jun-33 18m <20 2 7 86 88 16
09-Jun-93 25m 6 <20 o] 5

09-Jun-93 35m 8 <20 1 8

09-Jun-93 45m 14 24 21 1 68 89 7
23-Jun-93 0-6m 14 2 170 172 12
08-Jul-93 0-6m 8 <20 10 100 110 14
08-Jul-93 18m 7 <20 60 93 153 22
08-Jui-93 45m 8 26 52 53 105 13
22-Jul-93 0-6m 9 1 73 74 8
05-Aug-93 0-6m 7 <20 2 3 67 69 10
05-Aug-93 24m 8 <20 2 21 <] 3
05-Aug-93 45m 13 20 22 2 47 69 5
02-Sep-93 0-6m 5 <20 1 2 54 55 11
02-Sep-93 21m 6 <20 1 61 62 1
02-Sep-93 48m 7 37 5 70 s 1"
16-Sep-93 0-6m 7 50

09-Oct-93 0-6m 5 <20 1 4 130 131 27
09-Oct-93 23m 6 <20 1 82 83 13
09-Oct-93 45m 6 <20 1 66 67 1
06-Nov-93 0-6m 7 1 94 95 13
06-Nov-93 20m 6 1 76 77 12
06-Nov-93 47m 8 1 73 74 9
05-Dec-93 0-6m 8 1 57 58 8
05-Dec-93 16m 9 1 82 a3 9
05-Dec-93 4Tm 7 1 55 56 8



Stream: Alturas Inflow

All values are in ug/L, except TN:TP ratio,

which is by weight.
TN = NO3-N + TKN

Date TP NO3-N

11-Apr-92 29

11-May-92 9 11

24-May-92 7 9

30-May-92 9 7

08-Jun-92 11 5

15-Jun-92 12 9

20~Jun-92 12 7

30-Jun-92 13 2

10-Jul-92 g 6

20-Jul-92 12 10

30-Jul-92 11 9

10-Aug-92 8 11

25-Aug-92 8 5

11-Sep-92 8 8

19-Sep-92 9 10

20-Sep-92 8 8

10-Oct-92 7 17

Date TP NO3-N TKN TN TN:TP
22-Mar-93 6 24 70 94 15
23-Apr-93 8 24 48 72 9
04-May-93 34 18 80 98 3
13-May-93 27 20 194 214 8
17-May-93 29 15 154 169 6
23-May-93 17 13 96 109 6
01-Jun-93 9 7 160 167 19
13-Jun-93 5 4 44 48 10
23-Jun-93 10 6 54 60 6
01-Jul-93 8 4 54 58 7
10-Jul-93 6 3 58 61 10
13-Jul-93 5

17-Jul-93 7 10 21 31 4
23-Jul-93 6 4 57 61 10
01-Aug-93 8 11 49 60 7
08-Aug-93 5 6 47 53 10
14-Aug-93 8 8 38 46 6
21-Aug-93 4 6 35 41 10
28-Aug-93 9 11 40 51 6
04-Sep-93 5 10 101 111 24
11-Sep-93 5 15 57 72 14
18-Sep-93 5 14 30 44 10
09-Oct-93 S 11 33 44 9
06-Nov-93 7 30 25 55 8



Lake: Pettit

All values are in ug/L, except TN:TP ratio, which is by weight
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TKN TN TN:TP
W-May-92 0-6m 9 <20 3 84 87 10
24-May-92 0-6m 5

30-May-92 0-6m 4 <2.0 1" 91 102 27
20-Jun-92 0-6m 8

30-Jun-92 0-6m 4 <20 4 83 87 19
1 0~Jul82 0-6m 6

1 0~Jul-92 16m 4

1 0~Jul-92 45m 18

20-Jul-92 0-6m 4

29-Jul-92 0-6m 8

30~Jul-92 0-6m 5 <2.0 2 94 96 21
30-Jul-92 11 m 4 <20

30~Jul-92 47 m 10 <20 20

1 0-Aug-92 0-6m 7 29 4 82 86 12
1 O-Aug-92 1 Om 6

1 0-Aug-92 43m 16

25-Aug-92 0-6m 12

09-Sep-92 0-6m 9

09-Sep-92 20m 10

09-Sep-92 46m 23

19-Sep-92 0-6m 8 2.2 4 84 88 11
1 0-Oct-92 0-6m 6 3.9 4 82 86 15
1 0-Oct-92 17m 5

1 0-Oct-92 48m 21

1 9-Mar-93 0-6m 3

19-Mar-93 Om 5 <2.0 21 39 110 131 28
1 g-Mar-93 20m 3 2.0 9 79 101 110 43
1 g-Mar-93 46m 14 7.2 19 253 231 250 17
17-May-83 0-6m 9 5 104 109 12
17-May-93 25m 2 3 76 79 46
17-May-93 45m 6 58 74 132 24
23-May-93 0-6m 7

09-Jun-93 0-6m 10 <2.0 3 4 97 100 10
09-Jun-93 15m 4 <2.0 0 4 90 90 25
09-Jun-93 22m 3 <2.0 10 14

09 Jun-93 30m 4 <2.0 0 3

09 Jun-93 40m 6 <2.0 0 4

09 ~Jun-93 47m 5 <2.0 55 106 136 191 36
23 “Jun-93 0-6m 8 2 45 47 8
08-Jui-93 0-6m 4 . 3 4 80 83 23
08-Jul-93 17.5m 4 . 21 79 100 27
08-Jul-93 45m 14 <2.0 44 12 75 119 8
22-Jul-93 0-6m 7 1 66 67 10
05-Aug-93 0-6m 7 <20 2 2

05-Aug-93 24m 6 <2.0

0S-Aug-93 45m 5 <2.0 59 69

02-Sep-93 0-6m 3 26 1 2 38 39 14
02-Sep-93 23m 2 <20 1 1 61 62 26
02-Sep-93 45m 6 <20 89 16 104 193 30
16-Sep-93 0-6m 4 0 92 92 24
16-Sep-93 48m 12

09-Oct-93 0-6m 9 2.0 1 3 65 68 8
09-Oct-93 25m 3 <2.0 1 2 66 67 22
09-Oct-93 45m 8 <20 2 59 149 151 25
06-Nov-893 0-6m 6 5 162 167 28
06-Nov-93 24m 5 ] 85 85 16
06-Nov-93 46m 11 5 278 283 25



Stream: Pettit South Inflow

All values are in ug/L, except TN:TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N
24-May-92 3 22
30-May-92 4 16
08-Jun-92 3 26
15-Jun-92 4 14
20-Jun-92 5 12
30-Jun-92 6 10
10-Jul-92 4 11
20-Jul-92 6 17
30-Jul-92 5 20
10-Aug-92 4 28
25-Aug-92 4 18
11-Sep-92 4 27
19-Sep-92 22
24-Sep-92 5 18
10-Oct-92 5 42
Date TP  NO3-N TKN TN TN TP
28-Apr-93 6 52 21 73 12
05-May-93 10 48 67 115 11
15-May-93 8 14 116 130 17
23-May-93 5 17 78 95 21
01-Jun-93 4 16 56 72 19
08-Jun-93 4 10 87 97 26
16-Jun-93 3 12 45 57 19
23-Jun-93 3 15 68 83 28
01-Jul-93 4 14 97 111 31
10-Jul-93 5 9 71 80 17
17-Jul-93 4 12 47 59 15
23-Jul-93 4 9 91 100 26
01-Aug-93 3 10 110 120 39
08-Aug-93 3 12 115 127 46
14-Aug-93 2 16 42 58 27
21-Aug-93 2 14 66 80 52
28-Aug-93 4 16 60 76 17
04-Sep-93 1" 22 83 105 9
11-Sep-93 6 23 104 127 21
18-Sep-93 3 16 13 29 10
09-Oct-93 6 18 111 129 22
06-Nov-93 4 48 12 60 15



Stream: Pettit North Inflow

All values are in ug/L, except TN: TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N
11-Apr-92 39
12-May-92 5 17
24-May-92 4 26
30-May-92 1 20
08-Jun-92 1 19
15-Jun-92 1 15
20-Jun-92 4 16
30-Jun-92 15
10-Jul-92 2 12
20-Jui-92 5 16
30-Jul-92 2 29
10-Aug-92 4 42
25-Aug-92 6 24
11-Sep-92 3 20
19-Sep-92 6 21
24-Sep-92 7 6
10-Oct-92 5 29
Date TP  NO3-N TKN TN TN:TP
28-Apr-93 13 60 53 113 )
05-May-93 10 26 52 78 8
15-May-93 9 22 117 139 16
23-May-93 ) 20 85 105 22
01-Jun-93 7 23 21 44 6
08-Jun-93 8 13 70 83 11
16-Jun-93 6 15 78 93 15
23-Jun-93 8 21 91 112 15
01-Jul-93 3 17 54 71 24
10~Jul-93 3 9 79 88 33
17-Jul-93 3 12 91 103 34
23-Jul-93 6 10 94 104 18
01-Aug-93 4 17 48 65 18
08-Aug-93 2 18 41 59 27
14-Aug-93 3 12 88 100 33
21-Aug-93 2 13 67 80 33
28-Aug-93 10 22 61 83 8
04-Sep-93 13 22 76 98 8
11-Sep-93 4 28 87 115 32
18-Sep-93 3 25 56 81 25
09-Oct-93 6 18 60 78 13
06-Nov-93 5 64 48 112 25



Lake. Stanley

All values are in ug/L, except TN TP ratio which is by weght
TN = NO3-N + TKN

Date Depth TP SRP NO3-N NH4-N TKN TN TIN.TP
10-May-92 0-6m 11 <20 3 99 102 9
23-May-92 0-6m 14

23-May-92 14m 6

23-May-92 24m 5

31-May-92 0-6m 9 <20 7 4 78 85 9
12-Jun-92  0-6m 14

12-Jun-92 0-6m 17

19-Jun-92 0-6m 10

29-Jun-92 0-6m 6 <20 s 60 65 10
09-Jul-92  0-6m 10

09-Jul-92  10m 12

09-Jul-92  24m 9

21-Jul-92 0-6m 6 <20 3 71 74 13
31-Jul-92  0-6m 4

31-d-92  9m 3

31-Jul-92  23m S

09-Aug-92 0-6m 7

09-Aug-92 9m 1"

09-Aug-92 20m 18

24-Aug-92 0-6m 15 34 140 144 10
08-Sep-92 0-6m 9

08-Sep-92 12m 13

08-Sep-92 23m 15

18-Sep-92 0-6m 7 3.4 2 70 72 10
10-Oct-92 0-6m 5 21 3 N o4 19
10-Oct-92 17m 9

10-Oct-92 22m 16

18-Nov-92 0-6m 7

20-Mar-93 Om 20 9 280 289 14
20-Mar-83 0-6m 4.1 60 10

20-Mar-93 11m 5 <20 22 8 69 N 17
20-Mar93  23m 4 <2.0 58 37 114 172 43
16-May-93 0-8m 16 1 158 167 10
16-May-93  15m 8 6 108 114 14
16-May-93  20m 15 10 88 98 7
22-May-93  0-6m 10 7 133 140 14
10-Jun-83 0-6m 16 <20 3 39 f:<) 96 6
10-Jun-83 10m 6 <20 4 2 17 121 19
10-Jun-93  13m 7 <20 1 H

10-Jun-93  15m 4 26 3 S

10-Jun-93 17m 3 25 2 S

10-Jun-83 2im 5 <20 8 S 98 106 2
24-Jun-93 0-6m 6 2 99 101 16
09-Jul-93  0-6m 6 <20 2 1 68 70 12
09-Jui-93 13m 7 <20 7 4 04 N 13
09-Jul-93 24m 7 <20 21 17 108 129 18
23-ul-93 0-6m 6 1 75 i 13
06-Aug-93 0-6m S 26 8 12 80 88 20
06-Aug-93 15m 5 20 7 10 74 81 15
06-Aug-93 23m 6 52 10 60 112 18
03-Sep-93  0-6m 3 24 1 3 61 62 18
03-Sep-93  16m 5 <20 8 3 s 81 16
03-Sep-83  23m 6 <20 62 3 L 1721 21
16-Sep-83 0O-6mM 7 1 61 62 9
10-Oct-93  0-6m 4 <20 1 3 (<] 64 15
10-Oct-93 17m 5 20 1 3 54 65 12
10-Oct-93  2im 3 <20 7% 5 59 135 39
07-Nov-93  0-6m 5 1" 107 118 25
07-Nov-93  14m 7 12 57 o9 10
07-Nov-83  22m 7 13 62 75 1
17-Dec-83 0-6m 8

17-Dec-83 10m 7

17-Dec-93 23m S



Stream: Stanley Lake Inflow

All values are in ug/L, except TN: TP ratio,
which is by weight.
TN = NO3-N + TKN

Date TP NO3-N

11-Apr-82 34

13-May-92 15 17

23-May-92 11 12

31 -May-92 14 17

09 Jun-92 7 17

15 Jun-92 10 12

19-Jun-92 5

29 Jun-92 17

09 Jul-92 6 9

21 Jut-92 7 12

31-Jui-92 3 1"

10-Aug-92 9 12

24-Aug-92 5

11-Sep-92 10

18-Sep-92 10 a4

25-Sep-92 9 10

10-Oct-92 3 10

18-Nov-92 4

Date TP  NO3-N TKN T N TNTP
20-Mar-93

18Apr-93 8 21 47 68 12
03-May-93 9 27 87 114 12
13-May-93 75 38 ° 45 1
16-May-93 35 18 278 298
22-May-93 24 17 123 140

01 Jun-93 11 13 64 77 7
08-Jun-93 7 13 65 78 11
16-Jun-93 7 10 49 59
24-Jun-93 8 12 61 73 9
02 Jtd-93 6 11 69 80 14
10~Jul-93 2 9 37 46 19
17Juf-93 2 22 26 48 31
23~Jut-93 8 9 45 54 7
01-Aug-93 7 2 94 96 15
08-Aug-93 7 14 38 52 8
14-Aug-93 3 10 50 60 19
21-Aug-93 7 18 58 74 10
28-Aug-93 4 11 135 146 33
04-Sep-93 3 16 47 83 25
11-Sep-93 6 11 43 54 10
18-Sep-93 5 13 15 28 8
10-Oct-93 4 13 7 20
06-Nov-93 6 23 2 25



Lake.

All values are In ug/L, except TN TP rato, which 1s by weight
TN = NO3-N + TKN

Yellow Beily

Date Depth SRP NO3-N NH4-N TKN TN  TN.TP
09-May-92 0-6m 9 22 S 69 74 9
25-May-92 0-6m 4

25-May-92 10m s

25-May-92 22m 6

O1-Jul-92  0-6m 5

11-Jul-92 0-6m 4

11-Jul-g2 am 5

11-Jul-92 20m 6

21-Jul-92 0-6m S

31-Jul-92 0-6m 7 <20 13 96 109 15
31~ Jul-g2 10m 4 <20 10 (o}
31-Jul-92 20m S 32 8 o
09-Aug-92 0-6m 5

09-Aug-92 13m 5

09-Aug-92 22m 9

24-Aug-92 0-6m 9 3.7 1 100 111 13
10-Sep-92 0-6m 6

10-Sep-92 14m 6

10-Sep-92 20m 12

20-Sep-92 0-6m 8 40 8 138 146 17
09-Oct-92 0-6m

09-Oct-92 14m

09-Oct-92 22m

22-Mar-33  0-6m <20 15 76 a1 18
22-Mar-93  10m <20 1 58 59 3
22-Mar-33  21m 4 <2.0 3 114 17 32
11-Jun-93  0-6m -3 23 ] 40 100 106 22
11Jun-83 10m 7 <20 B 0

11Jun-93  14m 5 <2.0 4 143 147 28
11Jdung3 17m 3 <20

11-Jun-83  19m 4 22

11-Jun83  21m 3 <2.0 18 62 170 188 57
12-Ju-93  0-6m 5 20 9 6 64 73 15
12-Jul-83 15m 8 3.0 14 27 210 24 27
12-0ui-83 21m 5 20 10 67 232 242 3]
09-Aug-93 0-6m 6 <20 4 1 53 57 9
09-Aug-83 15m 4 <20 15 3 122 137 37
09-Aug-83 21m 4 <20 17 70 188 205 58
09-Sep-83 0-6m 1 <2.0 1 3 k4 78 Ial
09-Sep-93  18m 7 <20 14 45 136 150 21
09-Sep-83 2im A2 <20 14 1< 187 201 18



Stream: Yellow Belly inflow

All values are in ug/L, except TN:TP ratio,

which is by weight.

.«J3-N + TKN

Date TP NO3-N

12-May-92 3 21

19-May-92 4

25-May-92 16 31

01-Jun-92 7 18

11-Jun-92 4 15

15~Jun-92 6 13

20-~Jun-92 5 5

01-Jul-92 10 12

11~Jul-92 8 49

21-Jul-92 6 10

31-Jul-92 10 10

09-Aug-92 8 6

24-Aug-92 10

10-Sep-92 9 2

20-Sep-92 16 1

09-Oct-g92 9 5

Date TP NO3-N TKN TN TN:TP
22-Mar-93 6 36 39 75 12
27-Apr-93 12 21 60 81 7
05-May-93 11 16 93 109 10
11-Jun-93 8 20 65 85 1A
12-Jul-83 5 12 158 170 33
09-Aug-93 9 12 49 61 7
08-Sep-93 6 23 149 172 29



Appendi x 1B.

Tenporal variation in total nitrogen and total phosphorus | oading
fromtributary streans of the Sawmooth Valley Lakes.
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Appendi x 2.

Tenperature and chlorophyll profiles

135
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